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PREFACE 


What? Another book on electronics? 

Yes, this is a book on electronics, but it is one designed to fill a 
definite need — ^that of the advanced engineering or science student 
who wishes to learn something of electronics and its applications 
to his problems. Invariably such a student can devote only a 
limited amount of time to studies outside his special field, yet he 
wishes to discover the capabilities of electronic techniques and 
he needs to have a general understanding of how electronic instru- 
ments work in order to use them effectively. He needs to realize 
that the cathode-ray oscilloscope supplants older mechanical 
indicators, that amplifiers and vibration pickups have their limi- 
tations, and that rectifiers can provide large amounts of direct cur- 
rent more effectively than rotating equipment. And, fortunately, 
he can learn these things in a limited time by building upon the 
already relatively high technical level reached by him in his 
major field. 

The material in this book results from the seven-year develop- 
ment of an elective course in electronics for nonelectrical engineering 
students at the University of Washington. The choice of subjects 
comes from questions and discussions with such classes and from 
having worked with many of the students on their individual 
problems of instrumentation and control in the fields of chemical, 
aeronautical, civil, and mechanical engineering, and also in 
physiology. Likewise the type of treatment results from an 
observation of the abilities of such students to understand the 
subject material. 

The book contains suflScient material for a one-quarter or one- 
semester course on electronics, and it is divided into a number of 
relatively short chapters to facilitate selection to suit the needs 
of any particular group. For example, the chapter on polyphase 
rectifiers might be of particular benefit to chemical and mechanical 
engineers, while the chapter on strain gages and transducers is 
of particular interest to civil and aeronautical engineers. Perhaps 
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a group not interested in gas tubes and control circuits could 
omit Chaps. 5, 6, 7, and 8 without disturbing the continuity of 
the remainder. Flexibility such as this is a necessity in a course 
that presents selected material to a group of men studying outside 
their major fields. 

The arrangement attempts to follow the introduction of each 
new electronic device by an application to illustrate its possi- 
bilities. Rather than studying diodes, triodes, pentodes, gas- 
filled tubes, etc., before discussing any applications, the chapter 
on single-phase rectifiers immediately follows diodes, the triode 
chapter contains the elements of amplification, and the chapters 
on electronic control circuits and polyphase rectifiers immediately 
follow the discussion of gas-filled tubes and phototubes. However, 
the individual instructor can easily alter this arrangement by as- 
signing the chapters in a different order. 

Comments and criticisms of the text are earnestly solicited. 
Does the graphic approach get across, or would a more mathe- 
matical one appeal to the students? Is the treatment too elemen- 
tary, oris it more detailed than desirable? Whatadditionalsubject 
matter should be incorporated? What might be left out? 

Many thanks are due Michael Guidon of the University of 
Washington Mechanical Engineering Department for having 
struggled through much of the text in preliminary form to test its 
readability and to check many of the example problems. 

W. Ryland Hill 

Seattle, Wash. 

October, 1949 
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CHAPTER 1 


ELECTRONS, IONS, AND PHOTONS 

The science of electrical engineering deals with the movement 
of electrons and other charged particles, together with their asso- 
ciated electric and magnetic fields. For the first 60 years of its 
approximately 100-year life, electrical engineering dealt primarily 
with the flow of electrons in conductors. During this period were 
developed the telegraph and early telephone, the electric lamp, 
and the electric motor and generator. These were important de- 
vices, destined to speed communications, lengthen the day, and 
provide flexible power to supplement the already important me- 
chanical-engineering advances. 

By 1904 the electrical industry was well on its way to becoming 
an important factor in the economics of this country. In this 
year came an important step in a new direction — a, first step in 
the field of electronics. Fleming, in England, patented a device 
known as the Fleming electric valve and used it for the detection 
of wdreless signals. Two years later De Forest added a grid to 
control the flow of current through the valve. The basic im- 
portance of this step is that for the first time the engineer could 
control the flow of free electrons in space. This added to the 
purely power aspects of electrical energy the delicate control func- 
tions of the electric valve which permitted the development of 
radio, long-distance telephony, television, electronic control, and 
radar. 

Before attempting to study the particular devices employing 
electrons, ions, and photons, we must first direct our attention to 
the properties of these physical entities. 

1.1 Atomic Structure 

The geometric concept of the atom is a familiar one to every 
student who has taken college physics. This concept pictures a 
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fiTTtall dense cluster of protons and neutrons which carries all but 
a tiny fraction of the mass of the atom. Surrounding this nucleus 
a number of satellite electrons spin about in various circular and 
elliptical orbits. The number of electrons in this outer part of 
the atom equals the number of protons in the nucleus and makes 
zero the net electrical charge. These electrons are pictured as 
tiny light bits of negative electric charge. 

Figure 1.1 shows a geometric picture of an atom of boron to- 
gether with a tabulation of its particles. The chemical and elec- 
tronic reactions of an atom are entirely 
dependent upon the behavior of the 
satellite electrons; hence it is these that 
are of primary interest to us. 

Now this satisfying picture is a con- 
venient one for explaining many of the 
properties of electron tubes, but it must 
be pointed out that no one has ever seen 
an atom. The picture drawn above is of 
use only in pro\’iding a convenient physi- 
cal framewnrk for relating in a reason- 
able manner the various phenomena that 
have been observed by physicists. More 
complete investigations indicate its in- 
adequacy. Electrons under many cir- 
cumstances seem endowed with wave 
properties; their atomic orbits are al- 
wrays an integral number of wavelengths 
long, and this restricts the number of permissible orbits in an atom. 

Energy Levels. Another convenient atomic picture is one show- 
ing the energy levels represented by the various possible electron 
orbits. Figure 1.2 illustrates such a diagram for a hydrogen 
atom. This atom contains but one nuclear proton and a single 
electron. The electron seeks the shortest possible orbit close to 
the nucleus and stays there unless disturbed. This is called the 
normal state of the atom represented by the base line of the dia- 
gram. The energy level corresponding to this orbit has been 
chosen as zero and given the quantum number 1. Somewhat 
farther out from the nucleus exists another orbit which fits the 
wavelength requirements of the electron. This orbit carries the 
quantum number 2. Since the nucleus attracts the electron, work 
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Fig. 1.1. The geometrical 
picture of an atom of boron. 
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Electron. 
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+1 
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Neutron. 
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16 
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♦Mass la atomic anita ol 1/16 
oxygen atom. 
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is required to remove it to a greater distance; consequently the 
atom possesses greater energy than before. When the electron 
has somehow been moved out to this position, the atom is said 
to be in the excited state, and the energy required to move it out 



Fig. 1.2. Energy levels in a hydrogen atom. 

to this next orbit is called the first excitation energy. No smaller 
amount of energy can be accepted by a normal atom. 

Still farther out exist other permissible orbits with integral 
quantum numbers 3, 4, 5, etc., up to infinity, which corresponds to 
completely remo\dng this electron from the atom. The diagram 
shows the corresponding energy levels. Ordinarily the atom does 
not remain in an excited state an appreciable amount of time; the 
electron immediately drops back to some lower level with the 
excess energy given off as radiant energy or light. 

Ionization. The process of completely removing an electron 
from an atom is called ionization, and each particular type of 
atom requires a definite amoimt of work to do this called the 
ionization energy or ionization potential. The ionization of hydro- 
gen requires 13.5 electron volts of energy. An electron volt is 
equivalent to the work required to move a single electron charge 
against a potential difference of 1 volt. It equals 1.6 X 10~^^ joule. 
Complex atoms with large numbers of electrons can be singly, 
doubly, or triply ionized as one, two, or even three electrons are 
removed. In electron tubes, however, multiple ionization rarely 
occurs. 

The energy required to excite or ionize an atom can come from a 
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collision with another electron, an ion, or an atom. Such collisions 
are classified as either elastic or inelastic. If no excitation or 
ionization takes place and the particles have the same total kinetic 
energy as before, the collision is called elastic. This is invariably 
the case when the colliding particles carry less energy than that 
required for the first excitation level. When the particles carry 
more than this minimum energy, the collision may be inelastic 
but the probability of excitation or ionization is not more than 
about 0.2 percent, and it may be much less. A single fast electron 
passing a short distance through a gas, however, makes many 
collisions with a good chance of producing one or more ions. 

The ionization or excitation energy can also come from electro- 
magnetic radiation or light. 

Photons. AH early experimental studies of light, such as diffrac- 
tion and interference, w’ere large-scale observations which clearly 
indicated the wave structure of electromagnetic radiation. More 
recent observations of the behavior of light in atomic reactions 
just as clearly show light to behave as particles consisting of ele- 
mentary chunks of electromagnetic radiation called photons. 
Since under one set of circumstances light behaves as particles, 
while under another it seems to be waves, we are at liberty to use 
whichever concept is most convenient. 

The experimental evidence indicates that each photon carries a 
definite amount of energy called a quantum. This energy is re- 
lated to the light frequency by the expression 

w = hf joules (1.1) 

where w = energy of quantum 

h — Planck radiation constant (6.6 X 10'"^^ joule-second) 
f = frequency of radiation (cycles per second) 

When a photon with sufficient energy strikes an atom, it may 
produce excitation or even ionization with the release of an elec- 
tron. After the collision the photon may proceed in a new direction 
with less energy than before which, if Eq. (1.1) is correct, must 
mean that the frequency has been reduced. This fact has been 
carefully verified for X rays. Under other circumstances the pho- 
ton expends all its energy and vanishes, and the electron carries 
off the excess in kinetic form. 

An excited or ionized atom usually does not remain long in this 
state but soon returns to the normal state of lower energy. If 
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ionized it attracts any convenient stray electron, a process called 
recombination. If excited, the electron almost instantly returns 
to its normal orbit. In either of these processes the excess energy 
is given off in the form of photons. As an example, let us study 
the return of a single hydrogen electron from the lowest state of 
excitation to the normal state. Reference to Fig. 1.2 shows an 
energy loss of 10.2 electron volts. The charge on an electron is 
1.6 X 10“^® coulomb so that 10.2 electron volts represents an 
energy of 

w = (10.2) (1.6 X 10-i») = 1.63 X 10-18 joule 

Placing this value of in Eq. (1.1) and solving for the frequency, 
we obtain 


/ = 


(1.63 X 10-18) 
(6.6 X 10-8*) 


= 2.47 X 1018 cps 


This frequency corresponds to a line with a wavelength of 1,216 
angstroms found in the ultraviolet hydrogen spectrum. 


1.2 Electrons in SoUds 

To ionize or remove an electron from an isolated atom always 
requires a definite amount of energy, as illustrated in Fig. 1.2. 
In a gas the atoms are so well separated that the ionizing potential 
is not appreciably affected by the presence of the other gas atoms. 
In a solid, however, the atoms are so closely spaced that the elec- 
trons in the outer orbits are influenced by the electric fields of the 
adjacent atoms. In metals and a few other solids the resulting 
confusion of fields decreases the bond between the outermost elec- 
trons and the nucleus to the point where they can travel freely 
from one atom to another. 

Conduction, Materials in which these free electrons occur are 
the electrical conductors; applying an electric potential difference 
between the ends of a conductor causes the free electrons to drift 
toward the positive end and produce an electric current. In most 
materials this flow is proportional to the impressed voltage as 
expressed in the familiar Ohm^s law of electric circuits. The heat 
produced by current flow in a conductor results from the collisions 
or, more properly, interactions of the moving electrons with the 
atoms of the solid. The kinetic energy imparted to the atoms 
thus increases their energy of vibration and raises the temperature. 

Nonconductors are those materials which do not contain ap- 



6 


ELECTRONICS IN ENGINEERING 


preciable numbers of free electrons. However, if such materials 
are heated, the increased kinetic disturbance may give some of the 
outer electrons sufficient energy to escape their force bonds and 
travel through the material under the influence of an applied volt- 
age. It is generally true that insulators become better conductors 
at high temperatures. The energy" for freeing electrons in a poor 
conductor may also come from light. The conductivity of se- 
lenium, for instance, increases with illumination. This is ex- 
plained by assuming that the light photons give some of their 
energy to produce free conduction electrons in the material. One 
type of photosensitive device operates on this principle. 

1.3 Electron Emission 

Under certain circumstances the free electrons may escape from 
the surface of a conductor. This is called electron emission. It is 
of importance because almost all electron tubes depend upon the 
emission of electrons for their operation. 

Work Function. To remove an electron from a metal requires 
the expenditure of a definite amount of work. From a qualitative 
standpoint, the removal of an electron leaves behind a local posi- 
tive charge which attracts the electron being removed. Conse- 
quently this attractive force 'resists the removal, and work must 
be done. This w ork measured in electron volts is called the work 
fimction of the material . 

The work fimctions of common materials vary from about 6 volts 
for platinum to a low of 1.8 volts for cesium. Composite surfaces 
with an extremely thin layer of one metal on another may possess 
even lower values of work function. An example is the oxide- 
coated cathode used in vacuum tubes. This surface has a work 
function of about 1 volt. 

Thermionic Emission. Kinetic theory pictures all the atoms of a 
solid in a constant state of agitation about an average position. 
At high temperatures the energy of agitation increases until the 
forces binding the atoms into position are overcome and the ma- 
terial first melts and finally evaporates. In conductors the free 
electrons also partake of this heat motion and continually drift 
around m random fashion. Some of these electrons have very low 
velocities, while others, because of a particularly fortuitous series 
of collisions, may reach high speeds. The mean velocity increases 
with the temperature. 
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Any electrons which possess suflScient velocity directed toward 
the surface may have enough energy to escape. At normal tem- 
peratures the number of electrons with a kinetic energy larger 
than the w’ork function is practically zero, but at a temperature 
above 1000°K a useful amount of emission can be obtained. This 
type of emission is called thermionic emission because the electrons 
obtain their energy from heat. In practical electron tubes the 
heat energy is produced electrically by passing current through a 
resistance wire. 

Field Emission, Field emission refers to the emission of elec- 
trons from a metal surface due to the attraction of a nearby positive 
electrode. This attraction offsets the normal affinity of the 
emitting surface for its own electrons, and emission from a per- 
fectly cold metal surface can be obtained with high field intensities 
in the order of 10® volts per meter. In ordinary low-voltage tubes 
field emission does not occur, but high-voltage X-ray equipment 
must be carefully designed to prevent undesired field emission. 
The necessary precautions include large electrode spacings and 
careful rounding of aU sharp edges. 

Secondary Emission. Secondary emission is the emission of elec- 
trons that have gained kinetic energy from some primary bom- 
barding particle, usually another electron. It occurs at any metal 
surface subjected to bombardment by either ions or electrons. A 
high-velocity primary particle striking the surface of a metal gives 
up some of its kinetic energy to one or more electrons in the 
immediate vicinity, and those receiving energy may escape. As 
might be expected, secondary emission takes place most readily 
from materials with low work functions. The process is surpris- 
ingly effective, and a single primary electron may produce as many 
as 10 secondaries from a specially prepared surface. Positive ions 
are much less effective than this, and the probability of producing 
a secondary electron is very much less than unity. 

Although secondary emission is used to advantage in some types 
of vacuum tubes, it is often a disadvantage, and special precautions 
must be taken to avoid it. 

Photoelectric Emission. Electron emission can also be obtained 
by bombarding a metal surface with photons of light. Incident 
photons give up their energy to electrons near the surface, and if 
sufficient energy is available, emission takes place. The possibility 
of emission can be expressed by the following equation set forth 
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by Einstein in 1905: 

'^^hf-W ( 1 . 2 ) 

where mv^/2 = maximum kinetic energy of emitted electron, in 
joules (m in kg, t; in m per sec) 
hj = incident photon energy as computed from Eq. (1.1), 
in joules 

TF = work required for electron escape, in joules 

This equation indicates that the maximum possible kinetic 
energy of an emitted electron is equal to the incident energy minus 
the energy required for escape. The majority of the electrons wiU 
have smaller energies than the maximum because of internal 
collisions or because the velocity is not directed toward the surface. 
However, Eq. (1.2) does predict that no emission can take place 
unless hf is larger than W, This requires high-frequency (ultra- 
violet) light for most common metals, but especially prepared 
surfaces with low work functions respond to the lower visible and 
infrared frequencies. 

The amoimt of emission depends upon the ability of the photons 
to transfer energy to the electrons. This depends on the surface 
characteristics and on the frequency of the light. For a given 
light frequency, however, the current is accurately proportional 
to the light intensity. Commercial photosensitive surfaces provide 
emission currents of several microamperes per square centimeter 
under an illumination of 100 foot-candles. 

PROBLEMS 

1-1 Compute the frequency and wavelength of light given off when hydro- 
gen ions recombine with electrons to produce normal hydrogen atoms. The 
velocity of light is 3 X 10® m per sec. 

1.2 The shortest wavelength found in the mercury spectrum is 1,188 A. 
Compute the ionization potential of mercury. 

1.3 Compute the minimum velocity that an electron must have to ionize 
mercury vapor. Electron mass is 9.1 X 10”®^ kg. 

1.4 An experiment to determine the work function of a metal shows that 
red light does not produce photoemission but that any blue light having a 
wavelength less than 4,500 A does. What is the surface work function ex- 
pressed in volts? 

1.6 Visible light contaming all wavelengths between 4,000 and 8,000 A 
falls on a photoemissive surface having a work function of 1 volt. Compute 
the maximum possible kinetic energy possessed by any of the emitted electrons. 
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1.6 A sensitive type of phototube employs a lO-stage electron multiplier 
to increase the output current. In this multiplier the tiny photoemission cur^ 
rent is directed toward a target at which each primaiy electron knocks out 
several secondary electrons. These in turn accelerate toward a second target 
to produce a further current increase, and so on. In a 10-stage multiplier this 
occurs 10 times, and the final output current is 200,000 times the input. Find 
the ratio of secondary emission to primary current at each bombardment. 
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PRACTICAL EMITTERS AND DIODES 

The simplest electron tube is the two-element diode consisting 
of a hot cathode for emitting the electrons and a positive anode, 
or plate, for collecting the electron stream. This device has the 
interesting property of acting as a one-way valve permitting cur- 
rent to flow through it when the anode is positive. With reversed 
polarity, the electrons are repelled back to the cathode and no 
current flows. 

2.1 Thenmonic Emission Law 

According to kinetic theory, all the particles in a solid continu- 
ally vibrate about an average position. This vibration is sTnall 
at low temperatures and becomes increasingly violent when the 
temperature is raised. In a conductor, the free electrons also 
partake of this heat motion and dart at random through the metal. 
These free electrons have a velocity distribution ranging from very 
small velocities (for an electron that has imdergone a head-on 
collision and nearly stopped for a moment) to relatively high ones 
(for a particle that has experienced an adventitious series of col- 
lisions aU urging it in the same direction). Only a tiny fraction 
of the electrons have these high and low extremes of velocity; 
the majority have velocities clustering about a value called the 
mean velocity for all electrons. 

At ordinary temperatures a negligible number of electrons possess 
sufficient kinetic energy to exceed the work function of a metal, and 
no thermionic emission can be detected. At higher temperatures, 
however, the velocities of all particles increase, and the number of 
electrons that can escape becomes appreciable. This concept 
of thermionic emission is similar to the kinetic picture of the 
evaporation of liquids, and it is not surprising to find that the 
law deduced from a statistical study of free electrons in metals 
leads to a law of emission very like the law of evaporation. Sev- 
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eral such laws have been formulated, of which the most modem 
is Dushman’s law 

I = amp per sq cm (2.1) 

where T = absolute temperature, in degrees Kelvin 

&o = temperature equivalent of the work function 
= (work function) (a constant) 

A = a universal constant of 120.5 
This law expresses well the experimental shape of the emission 
curve although there is considerable discrepancy between experi- 
mental and theoretical values of A. However, Eq. (2.1) does show 
the emitted current to be very sensitive to the temperature and 
the work function because both appear in the exponent. For low 
values of work function a reasonable emission can be obtained at 
a much lower temperature than with a high work function. This 
is illustrated by the curves of Fig. 2.1 which show the emission 



Fig. 2.1. Comparative emission ciiaracteristics of the three commonly used 
cathode materials. 

characteristics of the three commercially practical thermionic 
emitting materials. 

Even at the peak emission of a normal emitter the fraction of 
the available free electrons released is extremely small, and it is 
not necessary to consider depletion of the source- 

2.2 Practical Emitters 

A practical thermionic emitter diould (1) provide a large emis- 
sion current per watt of heating power, (2) possess mechanical 
strength at operating temperature, (3) be electrically stable during 
its useful life, and (4) possess a reasonably long life. Item 1 sug- 
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gests choosing a material with a low work function to permit easy 
electron escape at low temperatures and correspondingly small 
heating power. However, this property must be correlated with 
the ability to withstand advanced temperatures without softening. 
Unfortunately, the metals ^yith low w'ork functions are the alkaline 
earths (sodium, for example), which are soft and have low melting 
points. 

Tungsten. Timgsten is the only pure metal that is practical 
for use as a thermionic emitter. It posse sses every desirable qualit y 
listed above except the first; its work function is high (4.5 volts), 
and it must be operated at about 250b°K to obtain the best 
balance between maximum emission and reasonably long life. At 
this temperature the emission current is about 2 milliamperes per 
watt of heating power. During its life the tungsten filament 
slowly evaporates until, after several thousand hours, it fails either 
mechanically or from reduced emission. 

Tungsten cathodes are employed in all high-voltage tubes where 
the operating conditions are so severe as to prohibit the use of 
more eflicient but less stable materials. 

Thoriated Tungsten. The search for a material with a lower work 
function but with the mechanical advantages of tungsten led to 
the development of the thoriated-tungsten filament. This is a 
composite structure consisting of a tungsten base with a thin, 
possibly monatomic, layer of thorium on the surface. This layer 
seems to evaporate from the timgsten less rapidly than from 
thorium itself, and the composite surface has an even lower work 
function than pure thorium. At a temperature of 2000°K, a 
thoriated surface provides an emission of about 100 milliamperes 
per watt of heating power, combined with a reasonable life ex- 
pectancy. 

Unfortunately, this much higher e fficiency is obtained at J the 
expe nse of Pitg,bility under the effects of positive-ion bombardment. 
All vacuum tubes contain some residual gas which may be ionized 
by collisions with electrons speeding toward the anode. The 
positive ions accelerate toward the cathode and strike it with a 
kinetic energy proportional to the potential drop across the tube. 
This does no damage at low voltages, but above about 10 kilovolts 
the thorium surface is rapidly removed. Consequently, the inef- 
ficient but rugged tungsten must be used for high-voltage tubes. 

A thoriated-tungsten filament is constructed by adding a small 
amount of thorium oxide to the tungsten powder before it is 
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sintered and drawn into wire form. After being mounted in the 
tube, the filament is heated to 2800°K to decompose the thorium 
oxide to thorium, after w^hich the temperature is reduced to permit 
a small amount to diffuse to the surface and build up a thin layer. 
Modem thoriated cathodes are also carbonized by heating in a 
hydrocarbon vapor. It has been found that this stabilizes the 
surface and lengthens its life. 

Oxide-coated Cathodes. The oxide-coated cathode is an even 
more eiEcient although less stable surface than thoriated tungsten. 
It is produced by coating a suitable metal surface wdth a mixture 
of barium and strontium carbonates. After mounting and evacu- 
ation, the cathode is heated to reduce the carbonates to oxides; 
probably a small amount of barium is liberated and distributed 
through the mixture. The resulting composite surface has an 
exceptionally low w-ork fimction of about 1 volt and provides an 
emission efficiency above 100 milliamperes per watt at a tempera- 
ture of only 1000°K. 

The surface is sensitive to positive-ion bombardment and has 
the additional disadvantage that the spongy surface tends to release 
gas durmg the life of the tube. This increases the formation of 
positive ions and hastens the destruction of the cathode. Conse- 
quently, oxide-coated cathodes are not used in tubes operating at 
anode voltages much in excess of 600 volts. Since the majority 
of tubes used in radio receivers and laboratory electronic equip- 
ment operate at less than 600 volts, oxide-coated cathodes are the 
type most commonly encountered. 

2.3 Cathode Construction 

Tungste n and t horiated-tungste n cathodes operate at such high 
temperatures that the emitting surface must be directly heated. 



Fig. 2.2. Typical directly heated filaments. 


This means that the cathode is in the form of a wire filament with 
the heating current passing through it. Figure 2.2 shows typical 
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types of filament construction. Figure 2.3 illustrates the conven- 
tional diagram for a diode with a directly heated cathode. The 
circle represents the envelope, the inverted V is the filament, and 
the upper bar is the anode for collecting the electrons. The fila- 
ment is usually heated from a low-voltage a-c source. 

The directly heated cathode has the disadvantage that the 
cathode and the heating source are electrically coupled; in sensitive 
amplifiers this may introduce hum. Fortunately, efficient oxide- 
coated cathodes operate at such a low temperature that it is 



Fig. 2.3. Con- 
ventional diagram 
for a diode with 
directly heated 
cathode. 



■Nickel cylinder 


Oxide coating 


Tungsten heater 
coated with 
refractory insulation 


Fig. 2.4. Typical construc- 
tion of an indirectly heated 
cathode. 



Fig. 2.5. Conven- 
tional symbol fora 
diode with an in- 
directly heated cath- 
ode. 


possible to separate the functions of heater and emitting surface 
by employing an indirectly heated cathode. In a typical form, the 
oxides coat a small nickel cylinder heated by a hot tungsten wire 
placed inside the cylinder but insulated from it, as shown by 
Fig. 2.4. . With this arrangement, several cathodes at dijfferent 
potentials can be heated from a single a-c source with the heaters 
connected in series or parallel. Most a-c radio receiving tubes 
employ indirectly heated cathodes. Figure 2.5 shows the con- 
ventional diagram for a diode with an indirectly heated cathode. 

2.4 Vacuum Diode Characteristics 

The electrical characteristics of a diode can best be understood 
by performing an imaginary experiment using the circuit of 
Fig. 2.6. We shall hold the filament voltage (and thus temperature) 
constant and vary the applied potential to observe the effect 
on the anode current %. Observe that the arrow shows the con- 
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ventional direction of plate current flow which is opposite the 
actual direction of electron flow. This results from the definition 
of current, as the direction positive charges must move to produce 
the observed effects. Since an electron moving to the right has 



Fig. 2.6. Experimental circuit for measuring diode characteristics. 

the same net electrical effect as an equal positive charge moving 
to the left, the conventional current and the electron flow are op- 
posite. Because electrons carry the majority of the charge in elec- 
trical circuits, it is unfortunate that the early choice of positive and 
negative turned out as it did. Had the terms been reversed, many 
physical explanations would have been more convincing, although 
the mathematics of the process would not be appreciably simplified. 

Figure 2.7 shows the resulting curves of plate current versus 



0 10 20 30 40 50 

Plate voltage - 6^ 


Fig. 2.7. Diode-characteristic curves for different values of cathode heating 
power. The fla tter portion of each curve represents the condition of saturation . 

plate voltage for several values of heating power. Each curve 
first rises at an increasing rate and then more or less levels off 
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at a value determined by the heating power. This suggests that 
the plate current is independent of the attractive power of the 
anode above a certain point. From this we reason that a limi^i s 
reached because the anode draws all the available electrons t o 
i tself , a nd further increases of potential can attract no mor e. 
Under this condition the anode current represents the actual 
cathode emission, and the tube is said to be temperature saturated. 
At low values of heating power there is less emission, and saturation 
takes place at a lower current. The condition of saturation has 
little practical interest for us because tubes are designed with a 
normal emission several times greater than any current the tube 
is expected to handle. 

In the unsaturated jegjon the curves are nearly identical, &e 
anode current is less than the cathode emission, and some of the 
electrons return to the cathode despite the attraction of the posi- 
tive plate. This is attributed to the negative space charge or 
electron cloud existing between the two electrodes. To help clarify 
this concept. Fig. 2.8 shows curves of the potential-space relation 



Fig. 2.8. Curves showing the potential distribution in a diode with plane 
parallel electrodes. The dotted line shows the distribution when the cathode 
is cold and emits no electrons. The heavy curve shows the potential de- 
pression due to space charge with a hot cathode and plate-current flow. 

for an idealized diode with plane parallel electrodes. With a cold 
cathode and no electron flow, the electric field between the plates 
is imifoim and the potential curve is a straight line. A single 
electron leaving the cathode coasts uphill toward the more 
positive region and can reach the anode. With a hot cathode, 
however, the heavy electron flow to the plate results in a large 
density of negative charges in the intermediate space. This de- 
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presses the potential, as shown by the solid curve. Now an electron 
leaving the cathode first experiences a downhill slope which hinders 
its flight; only those with sufficient initial kinetic energy can under- 
ride the trough and cross the gap. Since electrons leave the 
cathode with a range of energies (in the order of a few tenths of an 
electron volt), the fraction that can reach the plate depends on 
the plate potential and the cathode temperature. Surprisingly 
enough, the cathode temperature has relatively little effect be- 
cause an increased emission produces a denser space charge and a 
more negative trough. A smaller fraction of the total emission 
can now underride the trough, and the net current increases only 
slightly. 

From an engineering point of view, we are interested only in 
the top curve for normal heater power (Fig. 2.7) which shows no 
saturation within the rated current limitations of the tube. For 
negative anode voltages the plate current is zero; the anode repels 
aU electrons back to the cathode. We thus have a device corre- 
sponding to a check valve that is an open circuit in one direction 
and a fairly good conductor m the other. Such a device is called 
a rectifier and can be used in any number of interesting applica- 
tions, a few of which are discussed in Chap. 3. 


2.5 Diode Construction 

Figure 2.9 shows the construction of a typical diode. Surround- 
ing the indirectly heated cylindrical cathode is an anode formed 
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Fig. 2.9. Cutaway view of a type 35Z5 vacuum diode. 


of two flat metal plates with semicylindrical grooves pressed in 
them. When spot-welded together, these plates form a cylinder 
with large fins to radiate the heat generated by electrons striking 
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the anode. Mica end supports accurately maintain the concentric 
anode-cathode spacing and hold the whole assembly firmly cen- 
tered in the glass envelope. 

At the bottom is the press formed of a piece of heated glass 
tubing squeezed together at the top end to seal around the in- 
coming leads from the base. These wires are of an alloy having a 
coeflScient of expansion matching that of the glass. Above the 
press they are spot-welded to the various leads and supports of 
the tube assembly. The lower part of the press is flared out to 
fit the tubular glass envelope. In making the tube the press is 
first constructed and then welded to the anode-cathode assembly. 
This is followed by slipping the envelope over the assembly and 
sealing the envelope and press together at the bottom. Next the 
air is exhausted thi'ough a glass tube connected to the press. 
While the pumps maintain a high vacuum, the interior parts of 
the tube are induction heated to drive oflf any occluded gases that 
might later be liberated to spoil the vacuum. The envelope is 
heated nearly to softening for the same purpose. After sufficient 
time the exhaust tube is heated to melting at one spot, and it 
collapses to seal off the tube. 

As a last precaution the getter cup, which contains barium or 
magnesium, is heated to vaporize the metal and deposit it on the 
glass wall as a silvery coating. This acts as a scavenger to com- 
bine with any residual oxygen or nitrogen freed during the life 
of the tube. These precautions ensure a vacuum of about 
atmosphere, and the probability of an electron striking a gas atom 
on its flight to the anode is extremely small. 

The tube is completed by cementing on the proper base and 
connecting the lead wires to the pins. The figure shows a standard 
octal base which provides eight pins and a guide key for orienting 
the tube in the socket. In this particular case only four of the 
pins are active, the others being dummies. Standards for tube 
numbering, bases, pin connections, etc., have been adopted from 
time to time, but the rapid advance of the industry and the tre- 
mendous increase in number of tube types have caused each 
system to be outgrown a few years after it was formulated. 

2.6 Contact Rectifiers 

Another device having electrical characteristics similar to a diode 
is the contact rectifier, or barrier-layer ceU. A barrier-layer cell 
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consists of a good conductor separated from a poor conductor by 
a barrier layer. The separation is more electrical than physical 
since the two materials make intimate contact at the boundary. 
One commercial version of this construction is the copper-oxide 
rectifier shown in cross section by Fig. 2.10. The good conductor 
is the copper disk on w’hich is formed a layer of copper oxide in 
intimate contact with the mother copper. A lead washer makes 
contact with the back of the oxide layer, with the electrical con- 
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Fig. 2.10. Sectional view 
of a copper-oxide contact 
rectifier. 


Forward direction 
of current flow 

Pig. 2.11. Sectional view of 
a selenium contact rectifier. 


nections brought out from the copper and the washer. A more 
recent and more eflSicient type of contact rectifier is the selenium 
cell consisting of an iron disk coated with a layer of selenium, as 
showm by Fig. 2.11. The selenium face is sprayed with a thin 
layer of low-melting-point solder and then given an electrical 
forming treatment to produce a barrier layer between the coating 
and the selenium. The iron serves as a support and an electrical 
contact to the selenium corresponding to the lead washer in the 
copper-oxide rectifier. 

Both of these devices exhibit a very high resistance to the flow 
of current in one direction and a low resistance to flow in the other 
direction (called the forward direction). The theory of these cells 
is rather complex, but it is supposed that the peculiar conduction 
properties are due to the abundance of electrons in the good con- 
ductor as compared with the relative scarcity of free electrons in 
the poor conductor on the other side of the barrier layer. 
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Figure 2.12 shows the properties of a typical selenium rectifier 
having an effective surface area of 1 square centimeter. To obtain 
the curve for a disk with a larger area, merely multiply the ordi- 
nates of Fig. 2.12 by the area in square centimeters. For instance, 
a disk with an area of 50 square centimeters can carry a forward 
current of about 2 amperes with a voltage drop of only 1 volt. In 
the reverse direction a single cell can stand a voltage of about 
25 volts Tna.yimnTn before reverse current becomes serious. In 



Fig. 2.12. Average characteristics for a selenium contact rectifier having an 
effective area of 1 sq cm, 

this it differs from the diode because the reverse current in a 
diode is zero. 

From the standpoint of circuit design, the contact rectifier acts 
much like a diode except that it passes a relatively large current 
with a very small voltage drop. Vacuum diodes, on the other 
hand, are inherently low-current devices with considerably larger 
voltage drops. Fortimately, vacuum diodes can withstand higher 
reverse voltages so that they are used in high-voltage circuits 
where the voltage drop when conducting is not a serious fraction 
of the applied voltage. Low-voltage circuits (up to 100 volts or so) 
designed for currents over a few tenths of an ampere would 
probably employ contact rectifiers. The contact rectifier also has 
the a dvantage ^ of requiring no inefiScient hot cathod e, and it is 
i nstantly ready for service without requiring time to heat up. 

A number of disks can be operated in parallel for increased cur- 
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rent capacity up to several hundred amperes. They can also be 
connected in series to withstand reverse voltages higher than 
25 volts. 


PROBLEMS 

2.1 The current flow in the electrol 3 rte of a battery consists of positive 
ions flowing to the right and negative ions flowing to the left. The flow rate 
is 10“ ions per second for each type, and each ion carries a single electronic 
charge. Find (a) the net current flow, and (&) the direction of conventional 
current flow. 

2.2 In a diode with plane parallel electrodes the electrons flow in parallel 
paths to the anode. The diode current is 100 ma per sq cm of electrode area. 
At a point near the cathode the electrons have a low velocity of 10® m per sec, 
but when they strike the anode they are traveling 10 times as fast. Compute 
the electron density in number of charges per unit volume at each of the two 
positions. 

2.3 An electron leaves the cathode of a diode with practically zero velocity 
and travels to the anode 100 volts more positive. Compute the velocity with 
which it strikes the anode. {Note: Work = VQ joules where V is the potential 
difference in volts through which charge Q coulombs moves.) 

2.4 The diode of Frob. 2.3 has plane parallel electrodes spaced 0.2 cm apart 
so that the electron experiences a uniform acceleration throughout its flight. 
Compute the transit time taken for the electron to pass from cathode to anoda 
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A-N important application of diodes and contact rectifiers is in 
the production of direct current from an a-c power source. Recti- 
fiers are m ore convenient than batteries for small fl.T nn vinfg . of 
powe r, and for large power requirements they may be even m ore 
efficient than motor-generator sets . 

Rectifiers providing small currents at 50 volts or above com- 
monly employ simple vacuum diodes because efficiency is not 
particularly important. Circuits for moderate voltages and large 
amounts of power employ gas-filled tubes because of their low 
voltage drop and high efficiency. Such tubes are discussed in 
Chap. 5. Low-voltage circuits providing more than a few tenths 
of an ampere are usually designed for contact rectifiers. 

3.1 Half-wave Rectifier with Smoothing Capacitor 

One simple basic rectifier circuit is the half-wave rectifier shown 
in Fig. 3.1. This arrangement is used for small amounts of power 
when simplicity is the most important consideration. In this 
circuit, transformer T isolates the circuit from the a-c line and 
provides the desired magnitude of alternating voltage for recti- 
fication. Capacitor C serves to smooth the output voltage, and 
Rl represents the load on the circuit. The actual load often 
consists of an electrical circuit drawing an equivalent amoimt of 
current. This rectifier circuit usually employs a vacumn^diode 
as^ioam, but a contact rectifier could also be used. The direction 
of the arrow represents the only direction in which current can 
flow through the element. 

The operation of this circuit is a typical example of one in which 
discontinuous action takes place because of the presence of a 
unilateral, or one-way,'^ device. Figure 3.1 shows the input to 
iffie diode represented as a sine-wave voltage ei. Let us imagine 
that the circuit has been energized at the moment shown by 
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point a. We shall further assume that in any practical and efficient 
circuit the voltage drop in the diode is small compared with the 
output voltage. Thus during the first positive quarter cycle after 




Circuit currents 

Fig. 3.1. Circuit diagram and wave forms for a half-wave rectifier with 
smoothing capacitor. 

time a the output voltage Co rises along with the input until point 6 
is reached. This can happen because the diode conducts well in 
the direction of the arrow and eo differs from ei only by the small 
diode drop. During this particular quarter cycle most of the 
current passed by the rectifier is spent in charging capacitor C. 
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After b the input voltage starts to drop, €q drops also, and C dis- 
charges. However, the rectifier cannot conduct in the reverse 
direction, which forces C to discharge through Rl. Therefore 
voltage eo can only drop off exponentially at a rate determined 
by the values of C and Rl- Line bdf shows this discharge. (Ap- 
pendix A contains a discussion of the exponential R-C discharge.) 

The input voltage continues to follow the sine curve and for a 
considerable period of time remains below the value of eo. No 
conduction can take place during this period because the diode 
voltage is reversed. At point d the input voltage again attempts to 
exceed the output voltage, and for a brief period C recharges. 
At point e the diode again stops conducting, and the process is 
repeated cycle after cycle. 

The diode current consists of an initial large pulse followed by a 
series of equal charging pulses. The output current, on the other 
hand, equals Bq/Rl and remains relatively smooth. Thus the ac- 
tion of the circuit is much like that of a bucket with a small hole 
in the bottom through which water trickles constantly although 
the bucket is refilled periodically with a dipper. Since, except 
for the initial pulse, the average current through the capacitor 
equals zero, the average value of i\ must equal that of io. Conse- 
quently, the peak diode current greatly exceeds the output current; 
for example, if the diode conducts 20 percent of the time, the 
pulse peak is more than five times the output current. This dis- 
advantage of the circuit precludes its use for handling large amounts 
of power. For small currents, however, where even a small diode 
has more than sufficient current-carrying capacity, the simplicity 
of the circuit outweighs its disadvantages. 



Time- 

Fig. 3.2. Curves showing the effect of smoothing capacitor C and load resistor 
Rl on the output wave form. 

The effect on the output voltage of varying C or Rl is shown by 
Fig. 3.2. The rate at which C discharges depends on the product 
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CRl] a large C, or Rl, or both will make the circuit discharge 
slowly. In this case the output will be smooth with a short con- 
duction period h causing a high ratio of peak to average current. 
A l ow (7 or high load current Qow Rl) wiU result in poor smoothing, 
longer conduction period fe, and lower ratio of peak to average 
current. 

It is important to observe that with a large CRl product the 
output voltage approaches the peak value of the a-c input. Thus 
with an input of 100 volts effective value, the d-c output can ap- 
proach 141 volts. Some circuits used in measuring equipment are 
especially designed to give this ty^ie of operation. This arrange- 
ment is also commonly used in radio receivers for demodulating 
the radio-frequency w^ave. 

Another important design factor is the peak inverse voltage that 
appears across the rectifying element during that period in which 
it does not conduct. Figure 3.1 shows this value marked PIV- 
It approaches twice the peak applied voltage with low load cur- 
rents that permit the output voltage to approach the peak input 
voltage. 


3.2 Full-wave Circuit with Smoothing Capacitor 

The circuit of Fig. 3.3 differs from that of Fig. 3.1 in the use of a 
center-tapped transformer and a second diode. The operation is 
similar to the half-wave circuit except that the diodes conduct 
alternately and charge the capacitor twice each cycle. This pro- 
duces less output ripple and a ripple frequency of twice the in- 
coming frequency. Also, with two pulses per cycle, the peak diode 
current is less than in the half-wave circuit for a corresponding 
output current, but the need for two diodes somewhat offsets this 
advantage. The wave forms of Fig. 3.3 show a peak inverse 
voltage nearly equal to twice the peak a-c voltage applied to 
one diode. 

Although the full-wave circuit requires twice the number of 
secondary transformer turns to produce a given output voltage, 
this is balanced by the fact that the effective current drawn from 
each half is less than in the single-phase circuit. In fact, the ad- 
vantages of good smoothing and doubled ripple frequency are so 
pronoimced that circuits of this type provide the direct current 
required for the operation of the majority of radios and other small 
pieces of electronic equipment. 
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Fig. 3.3. Circuit diagram and wave forms for a full-wave rectifier with 
smoothing capacitor. 

3.3 Full-wave Circuit with Resistance Load 

Removing the capacitor from the circuit of Fig. 3.3 changes the 
operation considerably. As shown by Fig. 3.4 the diodes conduct 
alternately for full hah cycles, making the output voltage ap- 
proximately a series of half sine waves. For some purposes this 
rough output is useful; for instance, with a low-voltage transformer 
and suitable contact rectifiers, the circuit might be used to charge 
batteries. However, the main reason for studying this elementary 
circuit here is to provide a basis for extending the analysis to more 
complex circuits with smoothing filters. 

For a given transformer voltage the peak inverse diode voltage 
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is the same as that shown in Fig. 3.3, but the average output 
voltage obtained (called the d-c component) is considerably less 
than the peak alternating voltage. In fact, computing the average 
value of a half sine wave show’s the d-c output voltage to be only 
2/7r times the peak value. This makes the effective value of the 
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Fig. 3.4. Circuit diagram and wave forms showing the operation of a full- 
wave circuit with resistance load. 

alternating voltage applied to one diode equal to 1.1 times the d-e 
output in an ideal circuit with no tube voltage drop. The factor 
1.1 is the ratio of the effective (O.TOTJ^max) to the average (2/xj&mwc) 
value for a half sine wave. (See Appendix B.) 

3.4 Full-wave Bridge Circuit 

The fuU-wave bridge circuit of Fig. 3.6 produces the same result 
as the circuit of Fig. 3.4, but with a simpler transformer and four 
rectifying elements instead of two. The diagram also shows the 
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symbd for contact rectifiers instead of diodes because the bridge 
circuit is particularly well adapted to the low forward voltage drop 
and limited inverse peak voltage capacity of a contact rectifier. 
The arrowhead and bar symbol shows the forward direction of 
current flow in the rectifying element; no appreciable current can 
flow in the opposite direction. 

During the half cycle in which the transformer has the polarity 
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Output voltage 
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Fig. 3.5. The full-wave bridge rectifier with resistance load. 

shown on the diagram, the current flows from a to 6, through the 
load resistor, on to d, and returns to the transformer through 
point c. Although the current apparently has two choices of path 
when it reaches point d, it cannot travel to a but must go to the 
point of lower potential, c. For one half cycle the voltage across 
the load resistor equals the transformer voltage less the drop in 
two rectifjdng elements. On the reverse half cycle the current 
follows path d)da which makes the load current have the same 
direction. The net result is the same as though the transformer 
connections to the load resistor were reversed each ha lf cycle, 
and the output voltage looks like a series of half sine waves. 

The inverse voltage across one rectifying element, as shown by 
the curve of Ccb, has a maximum value approaching the peak of 
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the applied alternating voltage. This occurs for the rectifying 
element between b and c during the peak of the positive h alf cycle 
when element ab conducts and practically the full transformer 
voltage appears between b and c. Comparison with Fig. 3.4 
shows the bridge circuit to have only half the peak inverse voltage 
for the same d-c output. For this reason t he bridge circuit is use d 
for very high-voltage rectifi ers, where the chief limitation is the 
design of tubes for high inverse voltage, and f or circuits employ ing 
contact rectifiers with lim ited inverse peak ratin gs. 

A further advantage of the circuit is increased transformer utili- 
zation. Instead of a double winding, each part of which operates 
only half the time, the bridge rectifier uses a single winding 
operating on both halves of the cycle. The chief disadva ntage i s 
the need for four rectifying element s and the fact that two ele- 
i ndents always appear in series with the load. This doubles the 
voltage drop in the rectifier and decreases the efficiency. 

3.5 Filters or Smoothing Circuits 

Vacuum-tube amplifiers, radio receivers, and many other pieces 
of apparatus require a much smoother source of direct current 
than any of the circuits so far described. To provide this smooth- 
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Fig. 3.6. Full-wave rectifier with capacitance-input (^-section) filter. 


ing, additional circuits called filters are added to the output of the 
rectifier. Figures 3.6 and 3.7 show two examples of filters added 
to full-wave rectifier circuits. Figure 3.6 can be thought of as a 
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section of filtering added to the circuit of Fig. 3.3, while Fig. 3.7 
represents a filter added to the circuit of Fig. 3.4. Although the 
common name of condenser input or ir-section filter suggests that 
C is considered as part of the filter in Fig. 3.6, it is more instructive 
to think of the filter as composed of Lf and Cf alone, while C 
remains part of the basic rectifier circuit. 

The addition of a filter between the rectifier and the load does 
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Fig. 3.7. Full-wave rectifier with inductance-input (L-section) filter. 


change the current drawn from the rectifier. An inductance pro- 
duces a counter-emf tending to resist any current change through 
it and thus smooths out the current taken from the rectifying 
circuit. This slightly straightens out the voltage-decay curve 
across C in Fig. 3.6, but the change is inconsequential and the 
diode current pulses remain about the same. 

In the circuit of Fig. 3.7, however, the current passing through 
Lf equals the current delivered by the rectifying elements, and 
the inductance has the important property of smoothing out this 
current and reducing the ratio of peak to average value. Figure 3.8 
illustrates this effect and shows that with sufficient inductance the 
ratio of peak to average current can approach unity. The filter 
input voltage remains essentially a series of half sine waves because 
of the low voltage drop in the rectifying elements. 

The filter inductance Lf must have a minimum of resistance to 
make the direct voltage drop small compared with the output vol- 
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tage. However, it must have a high reactance to the ripple com- 
ponents of the filter input voltage. 

Harmonic Series. An extremely useful approach to the smooth- 
ing problem is to consider the filter input voltage as the sum of a 
steady direct voltage and a number of sinusoidal harmonics. This 
point of view is supported by the Fourier series of mathematics 
which states that any single-valued repeating function can be 



Total input current 



Current in one rectifier 

Fig. 3.8. Current and voltage wave forms at the filter input of Fig. 3.7. 

represented as a harmonic series of sine waves. By harmonic 
series we mean that the frequencies of the component terms are 
integral multiples of the fundamental repetition frequency of the 
wave. 

To provide a graphic illustration of this series representation, 
Fig. 3.9 shows the synthesis of a complex wave from its harmonic 
components. The components shown are a constant of three 
units height, a fundamental sine wave with a five-unit peak, and 
a second harmonic of two units peak height that lags 90 degrees. 
Directly below these waves the diagram shows the sum of these 
three components, which gives a complex wave having the equa- 
tion , V 

2/=3 + 5sinc«>f4-2 sini coi — ^ ) 

This complex wave repeats its form each cycle of the fundamental 
because at the beginning of each cycle the second harmonic is 
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again in the same relative position. Had the frequency ratio been 
not integral, the wave could not have repeated. 

Of course we are primarily interested in the reverse process of 
analyzing a complex wave, that is, starting with a given wave and 
finding its various harmonic components. This can be done for 

6 


0 

harmonic Time — 




Fig. 3.9. Graphical synthesis of a complex wave having a shape expressed 
by the equation y — S + Ssinwi + S sin — 7r/2). 

any arbitrary wave shape, and it is a particularly easy process for 
the relatively simple output of a full-wave rectifier. The result is 

e = 0.636E'm + 0.424jBm cos (at — 0.085Em cos 2cjt 

+ Om^Em cos 3w« + • • - (3.1) 

where E^ is the peak height of the original rectified wave shape. 
The series has an infinite number of terms, but the magnitudes 
drop so rapidly with iacreasiag order that relatively few of them 
are necessary to represent the actual wave with accuracy. The 
first term of Eq. (3.1) represents the average or d-c component 
because each of the remaining cosine terms has an average of zero. 

Figure 3.10 shows the first four components of Eq. (3.1) in 
graphic form together with the original rectified wave being ana- 
lyzed and, as a matter of interest, a number of points showing 
the sum of the four components. The difference between these 
points and the original wave represents the error due to neglecting 
the remainder of the infinite series of harmonics. This diagram 
also shows the waves on a scale chosen to make the d-c component 
100 units high; the labels on the alternating components thus 



SINGLE-PHASE RECTIFIER CIRCUITS 


33 


show their effective values in percent of the d-c component for 
convenience in later computations. 

Original wave consisting of the 



Fig. 3.10. This illustrates the breakdown of the output wave of a full-wave 
rectifier into a d-c component and a number of harmonics. The scale is chosen 
to make the d-c component 100 units high. 



(a) Rectified voltage 

Fig. 3.11. Equivalent representations 
an average value of 200 volts. 



1 


(b) Equivalent series generators 
a full-wave rectifier output having 


of 


In the following discussion of the smoothing action of a filter we 
shall use the information of Fig. 3.10 together with the sw 2 )erpos^- 
tion principle of electrical circuits. This amounts to thinking of 
the rectified voltage as the series of generators shown in Fig. 3.11, 
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then computing the filter output voltage for each individual com- 
ponent of the input voltage, and finally adding up the individual 
output components to obtain the total output voltage. 

Smoothing Factor a. We shall now investigate the behavior of 
the filter for one particular ripple frequency. By rearranging the 
filter as shown in Fig. 3.12, it can be represented as a voltage 
divider in which Ei represents one component of the input ripple 
(say the 94 volts of 120 cycles) and Er is the ripple voltage of the 
same frequency appearing across the load. The ratio of Ei to Er 


E, 


Cj\ Er 


Fig. 3.12. Analysis of an L-section filter. 

will be defined as the smoothing factor a. Good smoothing re- 
quires a large smoothing factor; to make it large the series im- 
pedance of Lf must greatly exceed the parallel impedance of Rl 
and Cf. Since is not necessarily small, the reactance of Cf 
must be, and as a safe approximation we shall assume that the 
parallel impedance is due to C/ alone. We shall also neglect the 
resistance of the choke Lf because at ripple frequencies the re- 
actance of a practical iron-cored inductor is large compared with 
its resistance. 

With these approximations the alternating current flowing 
through Lf and Cf equals Ei/ {Xl — Xc). This current can pro- 
duce a voltage drop in the reactance Xc of 

jp _ JY — -®i(Xc) 

A-l — -Ac 

Solving for the ratio Ei/Er, we obtain 

El Xl, — X, Xl , 

zr X'* 
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Replacing Xl by wL and Xt by l/wC, we get 

a = co2LC-l= (2x/)2LC-l (3.2) 

As an example, the inductance of 10 henrys and capacitance of 
8 microfarads shown in Fig. 3.6 gives a smoothing factor of 44 for 
120 cycles. This means that the filter reduces the 120-cycle com- 
ponent of the input voltage by a factor of 44 before it reaches the 
output. The smoothing factor for the 240-cycle component is 
nearly four times as great, and for still higher frequency com- 
ponents the smoothing factor jumps to even higher values. As a 
result the filter output contams very little ripple. 


Table 3.1. Summabt of Filter Operatioit 


Component 

Frequency 

Input, 

volts 

Smoothing 

factor 

Output, 

volts 

D-c 

0 

200 


188.00* 

Fundamental 

120 

94 

44 

2.20 

2d harmonic 

240 

19 

180 

0.10 

3d harmonic 

360 

8 

410 

1 

0.02 


* The voltage loss in the choke resistance accounts for the drop in d-c output. This figure 
was computed for a current of 80 ma passing through a choke having 150 ohms of resistance. 


Table 3.1 clearly shows that the only appreciable output ripple 
is the fundamental component. Consequently, the computation 
of filter performance resolves itself into calculation of the d-c drop 
in the choke and determination of the smoo thin g factor for the 
fundamental ripple frequency alone. 

The R-C Filter, Good smoothing can be obtained with a filter 
section in which a resistance replaces the inductance (Kg. 3.13), 



Fig. 3.13. A resistance-capacitance (R-C) filter. 

This has the disadvantage of causing considerable loss of d-c out- 
put, but in many cases the additional filtering is needed for a load 
drawing only a few mUIiamperes at a low voltage. 

Following the previous analysis with similar simplifying as- 
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sumptions, we obtain 

7? - TY - 
JlLt — IJLe — 2 ^^ 

This rearranged to solve for a gives 

S = (3.3) 

As a practical example we shall imagine that the output of an 
L-C filter consists of 300 volts (d-c) with 1 volt of 120-cycle ripple. 
Most of the output current is used at this voltage, but one part 
of the load circuit draws only 2 milliamperes at 250 volts and re- 
quires that the ripple be less than 15 millivolts. To meet these 
requirements, resistor Rf must carry the 2 milliamperes with a 
drop of 50 volts. This makes its value 


The smoothing factor for the R-C section equals the ratio of input 
to output ripple. 


1 

0.015 


67 


By placing the known values of a and Rf in Eq. (3.3) we can 
obtain the value of C/. 

= (2x)( 120K25,000 -) = farad 

The next larger commercial condenser size should be chosen because 
too little ripple is always tolerable. 

Figure 3.14 shows the complete two-stage filter. This represents 



Fig. 3.14. A two-section filter. 

good engineering practice of providing just suflBicient smoothing 
for each load at a miuiTnum. expense. 
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3.6 Rectifier Regulation 

The term regulation refers to the variation of terminal voltage 
when load current is drawn from a power source. Good regulation 
indicates that the terminal voltage remains essentially constant 
with load variations; the output voltage of a circuit with poor 
regulation drops rapidly with increasing load current. 

The typical regulation curves of Fig. 3.15 show that rectifier 
circuits with initial smoothing capacitors have poor regulation. 
A study of Fig. 3.6 to find the cause of this poor regulation indi- 
cates that the load current causes voltage drops because of 


z value of applied altematiu? voltage 

/FuQ-vTave drcqit with 
smoothing capadtor 

^Half-wave drcuit with 
smoothing capadtor 



Loadcorzent 


Fig. 3.15. Typical rectifier regulation curves. 


(1) transformer winding;^ resistan ce, (2) drop in the rectifying el e- 
ments, (3) d ischarge of C between periods of rec harge, and (4) drop 
in the resistance of L 7. Item 1 is small because transformers are 
efficient devices. The second voltage loss depends upon the recti- 
fying element chosen, but in any case the_p resence of C causes 
the current to flow in pulses of high peak value and correspond- 
ingly large voltage loss in the rectifier and transformer. An even 
more important source of drop is the capacitor discharge between 
cycles. At low load currents the capacitor discharges slowly and 
the output voltage approaches the peak value of the input voltage, 
as shown by Fig. 3.2. At high loads (low Rz) the capacitor dis- 
charges more, as shown by the lower curve of Fig. 3.2. This 
reduces the average output voltage and contributes to poor regu- 
lation. The remaining voltage drop in the choke, L/, depends 
upon the effort taken to reduce the choke resistance, and it can 
be made small with proper design. 

The curve for the inductance input filter (circuit of Fig. 3.7) 
shows excellent regulation over most of the load range. The im- 
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provement is due to elimination of the discharge of capacitor C, 
as discussed above. 

In addition, the lower peak current demanded of the rectifier 
minimizes the voltage drop in the transformer and rectifying ele-- 
ment. In fact, vrith the use of gas-filled tubes having substantially 
constant voltage drop, and with generous design of transformer 
and choke, the regulation curve can be made substantially flat over 
most of the range. 

The sudden rise at low currents on the inductance-input regula- 
tion cur\"e is caused by the inability of L/ to maintain continuous 
current flow. At loads below this critical point the operation tends 
to become more like that of a capacitor-input circuit and the 
voltage approaches the peak value of the a-c input. Poor regula - 
tion can be avoided by always operating at loads above the critica l 
vSue. For this purpose a fixed resistor called a bleeder is some- 
times connected to the output terminals. 

PROBLEMS 

3-1 Show that the average value of a half siae-wave loop is 2/7r times the 
TnaYiTniiTn value. 

3.2 A simple single-phase bridge rectifier without filter provides an average 
output voltage (d-c component) of 10 volts across a 5-ohm load resistor. 
Assuming negligible drop in the rectifying elements, compute (a) the required 
transformer voltage, (6) the peak current carried by a rectifying element, and 
(c) the peak inverse voltage across one element. 

3.3 The shunt diode rectifier of Fig. 3.16 operates with a very high load 


C 



Fig. 3.16. The shunt diode rectifier. 


resistance so that the rectifier output voltage approaches the peak input 
voltage. The circuit has a very long time constant compared with the length 
of 1 cycle, and the diode operates essentially as an ideal conductor in the 
forward direction. Develop wave forms of the output voltage and the voltage 
across (7. Mark the polarities of each voltage on the diagram. 

3.4 The rectifier of Fig. 3.6 provides a filter input voltage of 300 volts 
(d-c component) plus a fundamental a-c component of 40 volts and numerous 
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other alternating components of higher frequencies. The supply-line fre- 
quency is 60 cycles, the choke has 200 ohms resistance, and the load draws 
120 ma. Compute (a) the direct output voltage, (b) the effective output 
ripple voltage, and (c) the percent ripple as compared with the d-c component. 

3.5 A rectifier having the circuit of Fig. 3.7 operates from a 40(>-cycle 
aircraft supply and provides a filtered output voltage of 500 volts at a load 
current of 300 ma. The 1-henry choke has a resistance of 150 ohms, and the 
output voltage must not contain more than 0.5 percent ripple. Determine 
the minimum size of C/. 

3.6 Two 10-heniy inductors and two S-juf capacitors are available for filter- 
ing the output of a 60-cycle full-wave rectifier. Is it better to connect them 
into a single L section of 20 henrys and 10 juf, or into a double section filter? 
Make computations to substantiate the choice. 

3.7 The input to the two-section filter of Fig. 3.14 comes from a full-wave 
rectifier operating from a 60-cycle supply. The choke has a resistance of 
250 ohms and an inductance of 15 henrys, and Ci equals 10 /tf. Compute the 
ripple voltage in the 250-volt output. 


F. 



CHAPTER 4 


GRID-CONTROLLED VACUUM TUBES 

Although the development of the diode provided many inter- 
esting possibilities, it was the invention of the triode by De Forest 
that really opened the way for the development of modem elec- 
tronics. The long-distance telephone, radio, television, electronic 
control and measuring instruments, radar, and countless other 
devices all depend on the basic process of amplification provided 
by this tube. 

4.1 The Triode 

The idea behind the triode is deceptively simple. Why not 
place between the anode and cathode of a diode a third electrode 
consisting of a grid of wires to control the flow of electrons to the 
plate? By making this grid negative, the effect of the space 
charge in repelling the slower electrons to the cathode can be 
increased and the plate current decreased. With sufficient nega- 
tive grid voltage, the plate current can even be shut off. This 
provides us with an electrical valve for controlling the current 



Fig. 4-1. Cutaway view of a triode. 

flowing through the tube— a much more delicate control thaTi the 
diode provides. In addition, the plate current is controlled with 
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the expenditure of almost no control power, similar to a well- 
greased valve that can be turned by a small boy to release a flow 
of water representing a relatively large amount 
of power and perhaps damage. 

Figure 4.1 shows a cutaway view of a small 
triode. The spiral grid surrounding the cylin- 
drical cathode is supported by two heavier 
vertical wires with each intersection spot- 
welded for rigidity. The anode in turn sur- 
roimds this assembly. The tube characteristics 
are controlled by the grid wire size and spac- 
ing and by the relative grid and plate diame- 
ters. Not all tubes are constructed with concentric circular ele- 
ments; they are often elliptical or rectangular in section. Figure 
4.2 shows the conventional symbol for a triode. 



Fig. 4.2. Conven- 
tional diagram for a 
triode. 


4.2 Triode Characteristics 

To imderstand the characteristics of a triode we shall perform 
an imaginary experiment using the circuit of Fig. 4.3. As a sim- 



Fig. 4.3. A circuit for determining the triode characteristic curves. All 
voltages are measured with respect to the cathode. 

plification the heater connections are not shown, and it is to be 
imderstood that the tube operates at rated cathode temperature. 
Under this condition the emission is greater than needed, and 
saturation will not be reached. This is the only condition of 
practical interest to us. 

If the plate voltage is held constant at 100 -volts and the grid 
voltage varied, the heavy curve of Fig. 4.4 results. With zero 
grid voltage the anode current is 10.4 milliamperes, but making 
the grid more negative assists iu repelling electrons back to the 
cathode and the current drops off. A grid voltage Cc of about 
—6 volts reduces the plate current to zero. This is called th e point 
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of cutoff. No curv’e of grid current is shown because a negative 
grid repels electrons and there is practically no current flow to it. 
Since power equals the product of voltage and current, no power 
is taken from the source of grid voltage as long as the grid is 
negative with respect to the cathode. For positive grid voltages 
the plate current continues to rise in a smooth curve, but the grid 



Grid volts - Bq 

Fig. 4.4. Mutual characteristic curves for a type 6J5 triode. 

also draws electrons. Since this represents the expenditure of 
power by the control circuit, the grid is ordinarily kept negative. 

By repeating the experiment for additional values of Bb the other 
curves of Fig. 4.4 are obtained. These curves are called mutual 
characteristics because they show the effect of a voltage in one 
circuit (the grid) on the current in a second circuit (the plate). 
The curves are not straight, although it would usually be desirable 
to have them so. 

Tran$c<mdu€tance, The curve slope measures the effectiveness 
of the grid in producing plate-current changes— the steeper the 
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curve, the better. This slope is called the transconductance, de- 
fined mathematically by the expression 

mhos (4.1) 


The partial derivative merely means that the plate voltage is held 
constant while measuring the ratio. 

Transconductance can be obtained by drawing a tangent to one 
of the curves of Fig. 4.4 and measuring the slope in milliamperes 
per volt, or by taking small incremental changes and finding ffm 
from the ratio 


Azb 

Aec 


eb =» constant 


(4.2) 


A sample determination of Qm at a plate voltage of 200 volts and 
a plate current of 5 milliamperes is indicated by the triangle drawn 
on Fig. 4.4. Reading the values of A4 and Aec from the triangle 
and placing them into Eq. (4.2) 

0 009 

Qm = — = 0.002 mho or 2,000 fimho 


At normal plate currents most tubes have transconductances of the 
order of 2,000 micromhos. 

Inspection of the curves will show gm to be essentially a function 
of the plate current; for a given current all the curves have about 
the same slope. 

Phie Characteristics. A more useful set of characteristics can be 
obtained by replotting the data of Fig. 4.4 to show plate current % 
as a function of plate voltage Cb. Figure 4.5, which is taken from a 
standard radio-tube-design manual, shows a complete family of 
such curves for a type 6J5 triode. This is called a set of plate 
characteristic curves because the ordinate and abscissa represent 
current and voltage in the plate circuit only. Although the curves 
of Fig. 4.4 are often useful for discussing the operation of a circuit, 
the curves of Fig. 4.5 are more convenient for actually computing 
the performance of the tube and its associated circuit. 

Plate Resistance. Inspection of the plate characteristics shows 
them to be curved and nearly equally spaced horizontally. For a 
given plate current, the curves have about the same slope. Since 
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a tube operating as an amplifier experiences continuous alternating 
changes in plate voltage and plate current, it is important to have 
a measure of the ratio between a small plate-voltage change and 
the corresponding plate-current change. This ratio is called the 
dynamic or plate resistance, defined as 

rp = I? ohms (4.3) 

aih 

In terms of finite incremental changes this becomes 




Mh 


Be = constant 


(4.4) 


This factor has the dimensions of volts per ampere, or ohms, and 
it is called the plate resistance because it deals with the plate 
circuit only. 

On the plate characteristic curves Vp is represented by the inverse 
of the slope. Thus at high plate currents the plate resistance is 
low; a small change in voltage produces a large change in current. 
At low currents the plate resistance is higher, and as the current 
is reduced to zero the plate resistance approaches extremely high 
values. 

The triangle dbc drawn on Fig. 4.5 provides the data re- 
quired for computing the plate resistance at a grid voltage of 
—10 volts and a plate current of 7 milliamperes. Reading the 
values of Aib and Aeb from the triangle and placing them into 
Eq. (4.4) 

20 

Tp = = 10,000 ohms 


Amplification Factor, The concept of amplification factor is an 
important one; it might be called the electrical advantage of the 
tube in comparison to the mechanical advantage of a simple lever. 
One way of measuring the mechanical advantage of a lever, as 
suggested by Fig. 4.6, would be to apply two forces of such size 
as to produce no deflection of the arm. The ratio of the two forces 
gives the mechanical advantage of the system. 

In a somewhat similar fashion the amplification factor is defined 
as the ratio of a cha nge in plate volta-g e to a change in grid voltage 
tlmt will produce no change in plate current. Mathematically 





A 

Fig. 4.6. A method of measuring mechanical advantage. At balance the 
mechanical advantage equals F\/F%, 
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or expressed as finite incremental changes 


A6& I 

A^c = constant 


(4.6) 


The minus sign is used to make factor /i come out positive. This 
can best be illustrated by referring to the horizontal line de drawn 
on Fig. 4.5. The line is horizontal to represent a constant plate 
current. Moving from d to c involves a change of 'plus 40 volts 
in plate voltage and a change of minus 2 volts in grid voltage 
(from the -4 line to the -6 line). Using these increments 





The amplification factor is a pure number because it is the ratio 
between two voltages. 

Since the curves of Fig. 4.5 show equal increments of grid volt- 
age, the horizontal spacing between curves (corresponding to line 
de) is directly proportional to the factor fi. By measuring this 
spacing at various points on the curves it wdll be found that the 
amplification factor is surprisingly constant except at very low 
currents. In fact m is often called a triode constant — a term not 
justified for the plate resistance and the transconductance. 

A tube with an amplification factor of less than about 10 is 
called a low-mu triode; medium mu applies to those between 10 
and 30; and high-mu tubes have amplification factors between 
30 and 100. 

Relation between Factors. The relation between the three factors 
can be determined with the help of Fig. 4.7, which shows a small 
section of the characteristic curves of Fig. 4.5. To determine Vp 
we hold the grid voltage constant and move along the line from 
a to c. This involves a change in plate voltage from a to 6 (written 
ab) and the corresponding change in plate current be. Then Vp is 
computed from the ratio db/bc. To measure we must hold the 
plate voltage constant, which means moving along the vertical 
line be. This involves a plate-current change be and the corre- 
sponding grid-voltage change from e to d (ed). Notice that the 
lengths ab and be represent actual voltage and current changes, 
whereas ed represents the difference between the grid voltages 
marked on the two curves (^li — K 2 ). 
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The amplification factor is measured by the ratio of plate- 
voltage change ab to grid-voltage change de. Observe that here 
the direction of grid-voltage change is reversed from that used in 
the determination of Qm (de is the negative of ed). Using this fact 
and comparing the ratios as shown in Fig. 4.7, we find 

“ QmTp ( 4 ./^) 

Hence the determination of any two of the three factors is suflScient 
to define the other. Factors fi and Vp are of greatest significance 



Fig. 4.7. A graphical illustration of the relationship between the triode 
coefficients. 

with triodes, but the transconductance is especially convenient 
for describing the action of pentodes. 

4.3 Voltage Amplification 

One important application of the triode is to obtain voltage 
amplification. By this is meant the ability of a circuit to take a 
small alternating voltage from some source such as a microphone 
and produce a much larger output voltage that accurately follows 
every detail of the input. In one sense a step-up transformer per- 
forms this operation, but the transformer demands that the signal 
provide even more input power than output power, whereas the 
vacuum-tube circuit draws no power from the input but obtains 
the output power from some other source such as a battery. 
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Figure 4.8 shows the circuit diagram for a simple triode amplifier 
capable of amplifying the signal voltage eg. The circle drawn for 
eg represents some source of signal voltage to be amplified (micro- 
ns 



Fig. 4.8. Circuit diagram for a simple triode amplifier. 

phone, phonograph pickup, strain gage, etc.). Battery Ee is placed 
in the circuit to keep the grid negative at all times regardless of 
the polarity of eg. This is called the bias battery, and Ec is called 
the grid-bias voltage. If, for instance, Ee is —6 volts, the maximum 
allowable value of eg would be +6 volts without driving the grid 
positive. The negative grid prevents grid-current flow so that 
the source of input voltage provides no power. 

In the plate circuit, battery Eub (bb for battery) acts as the 
source of power to maintain the anode positive. Load resistor Rl 
is placed in the circuit for the purpose of converting the plate- 
current variations into voltage variations. For the purpose of 
amplification a mere change in current is of little use; it is variations 
in output voltage that are desired. This amplified signal voltage 
can then be used as the input for the next stage of amplification, 
etc. 

Figure 4.9 shows a graphical construction illustrating the per- 
formance of the triode of Fig. 4.8. The analysis starts with a 
curve showing the relation between the plate current and grid 
voltage for the tube and its associated circuit. This curve is called 
the dynamic characteristic, and it is not one of the static curves of 
Fig. 4.4. The curve of Fig. 4.9 represents the relation between ih 
and 6c with variable plate voltage because each value of plate 
current produces a different voltage drop in Rl. Let us assume, 
for the moment, that this dynamic characteristic has already been 
determined. 

Just below the dynamic curve the figure shows a picture of the 
grid voltage, consisting of the constant negative value of Ec plus 
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a sine wave representing the incoming signal. Of course the si gnal 
voltage would ordinarily be a complex wave shape, but for the 
purpose of illustration a simple sine wave has been chosen. On 
this part of the diagram the vertical scale represents time, and the 
horizontal distances represent the grid voltage. With the diagram 


^b 



Fig. 4.9. Development of the plate-current wave form for a triode amplifier. 

rotated a quarter turn counterclockwise the grid voltage wave 
will be seen with a more familiar orientation. 

Since the dynamic characteristic shows the relation betwptftn 
grid voltage and plate current we can now take the grid voltage 
at any time moment and graphically find the corresponding plate 
current at that moment. For instance, point a on the grid-voltage 
curve represents a moment when eg equals zero and the total grid 
voltage is just Ec. By running a vertical line to intersect the curve 
and then proceeding horizontally we obtain the point a' on the 
current wave. In the same fashion point b' is found from b, and 
so on imtil the plate-current wave has been developed. 
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If the dynamic characteristic were a straight line, the plate cur- 
rent would be accurately proportional to the grid voltage and the 
output wave would look exactly like the input wave form. The 
actual dynamic characteristic is curved, however, and the upper 
peak of the plate-current wave is larger than the lower peak even 
though the input wave was symmetrical. Thus the amplitude 
of the output is not exactly proportional to the input, and ampli’- 
iude or nonlinear distortion is said to be present. Amplitude dis- 
tortion is important in amplifiers operating with relatively large 
input signals. 

For tiny signals, only a small portion of the dynamic curve is 
used, there is less curvature in this restricted length, and the 
amount of distortion is very small. Consequently, amplitude dis- 
tortion is unimportant for small signals, say less than 1 volt. In 
the following discussion we shall assume that this condition ob- 
tains and that the plate-current variations are accurate sine waves. 



Fig. 4.10. Voltage and current wave forms for the triode amplifier of 
Fig. 4.8. 

Figure 4.10 shows the wave forms and standard nomenclature 
for the amplifier circuit of Fig. 4.8 plotted on a common set of 
axes. The bottom wave form shows the grid voltage applied to 
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the tube and represents the input wave form to be amplified. 
Above this is plotted the plate-current wave form derived from 
the grid-voltage wave with the aid of Fig. 4.9. 

With these waves before us let us stop for a moment to consider 
the meanings of the s;^Tnbols used to describe them. The grid 
voltage comes from two sources of voltage applied to the circuit, 
Ec the fixed negative bias, and eg the alternating input. Voltage 
Ec is called the average or d-c component, and eg is named the 
alternating component. The sum of the two gives the depressed 
sine wave whose value remains always negative. The plate- 
current wave is similar in shape to the grid voltage except that 
it is everywhere positive. Although this curve actually represents 
a single current, it is convenient to think of it as being made up 
of two components similar to the grid voltage. As shown on the 
diagram these two components are h, the average or d-c com- 
ponent, and ip the alternating component. In equation form 

ib = /& + ip ( 4 :. 8 ) 

Capital letters refer to the direct currents or voltages and to the 
effective values of the alternating ones. Small letters refer to 
instantaneous values of varying quantities. Observe that sub- 
scripts c and 6 apply to quantities measured from the zero line, 
while g (for grid) and p (for plate) apply only to the alternating 
components. 

The curve for the plate voltage is obtained by subtracting the 
voltage drop in resistor Rl from the supply voltage Ebb- Thus 

Bb — Ebb {lb + ip)RL 

= {Ebb — IhRi) — ipRL 
= Eb + Bp ( 4 - 9 ) 

As with the plate current, it is convenient to consider the plate 
voltage as made up of two components, Ej, the direct or average 
value, and ep the alternating component. As shown by Eq. (4.9) 

Eb = Ebb — IJRl (4.10) 

and ■*- 

Bp = —ipRL (4.11) 

The negative sign in Eq. (4.11) indicates that the alternating 
voltage in the plate circuit is opposite in phase to the alternating 
component of the plate current. This is easily verified by an exami- 
nation of Fig. 4.10. 
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Of course the output altemating voltage is always accompanied 
by a large direct voltage, but by using condensers or transformers 
it is possible to block off the d-c component and obtain the alter- 
nating wave alone. Such means are discussed in Chap. 9, de- 
voted to practical amplifier circuits. 

4.4 Load-line Analysis 

The preceding discussion shows in a general way how an ampli- 
fier operates, but it does not answer the question of how much 

the input voltage is amplified. 
Let us now quantitatively deter- 
mine the amplification of a given 
tube and circuit, as shown by Fig. 
4.11. The static curves of Fig. 4.5 
apply to the 6J5 chosen for this 
circuit. 

At first glance, the problem of 
computing the altemating plate 
voltage Cp for a given grid voltage eg 
with practically everything in the 
circuit varying seems somewhat formidable. However, the choice 
of supply voltage and load resistance immediately restricts the 
problem to a fairly simple one. From an inspection of Fig. 4.11, 


Oft = Enh — ihRh 

(4.12) 

Rearranging this to solve for 4, we obtain 


/ 1 \ _^Ej^ 

(4.13) 


This is of the form y ^ 7nx + h and represents a straight line having 
an intercept on the it axis of E}iblRLj a slope of — 1 /jBl, and an 
intercept on the eh axis of Ehh- This line, shown plotted on the 
% — eh curves of Fig. 4.5, is called the load line, and its position is 
determined entirely by the value of the supply voltage Ejih and 
by the load resistance. In this particular case the is-axis intercept 
equals 300/30,000, or 10 milliamperes, and the e6-axis intercept is 
300 volts. 

Now we are able to determine the plate voltage for any particu- 
lar grid voltage. For instance, if ec is —6 volts at some moment, 



30,000 

ohms 


Fig. 4.11. Simple triode ampMer 
showing typical circuit constants. 
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the plate voltage at the same instant can be found from the junc- 
tion of the —6 grid-voltage line and the load line. This is the 
only point on the chart that will simultaneously satisfy the tube 
characteristics and the remainder of the circuit. From the chart, 
the plate voltage is foimd to be 170 volts for ee - —6. 

Let us suppose that an alternating voltage eg having a crest 
value of 2 volts is applied to the input. The grid voltage Cc will 
swing between the limits of —4 and —8 volts, and the point of 
operation will travel up and down the load line between the limits 
of the —4 and —8 curves, as shown by the heavy portion of the 
line. At the limits of the excursion the plate voltages read from 
the curve are 140 volts and 200 volts. Thus a 4-volt swing in 
the grid circuit produces a 60-volt swing in the plate circuit. In 
this particular case the circuit has a voltage amplification of 15 
because a small voltage change in the grid circuit produces a 
change 15 times as large in the plate circuit. Expressing this re- 
lationship mathematically, the amplification is 



The first ratio represents the ratio of the grid- and plate-voltage 
changes in general, while EpfEg represents the ratio of the effective 
values if the signal is a sine wave. 

Do not confuse amplification with amplification factor. Ampli- 
fication is the ratio between the output- and input-voltage changes 
for an actual circuit in which the plate current also changes. 
Amplification factor was defined as the ratio between plate- and 
grid-voltage changes for constant plate current. Although the ac- 
tual amplification A of the circuit is 15, the amplification factor 
of the tube is 20. It is generally true that the amplification must 
always be less than the amplification factor. 

An investigation of the load-line intercepts with the characteris- 
tic curves shows them to be nonuniform; at the lower end of the 
line the plate-voltage changes are smaller than at the upper end. 
This amounts to sa3dng that the amplification is less at the lower 
end of the line than near the top. For the small signal chosen for 
illustration the variation in amplification over the cycle is negli- 
gibly small, but for a large signal it might cause serious distortion 
of the output. This has already been illustrated in a different 
manner by Fig. 4.9. 
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usually assume), then ip and ep will also be sinusoidal and we 
can label Fig. 4.135 with Eg, fiEg, Ip, and Ep, representing the 
effective values of the sine waves. 

Although the equivalent circuit of Fig. 4.13 conveniently shows 
the relationships among the various alternating components, it 
may at first be disturbing to find that the voltages Ec and Ei^b 
do not appear on the diagram. However, they do play a part 
because they determine the operating point, which in turn fixes 
the values of ^ and Vp to be used. Thus the fixed quantities play 
the role of a stage setting on which takes place the action of 
interest. 

4.7 Amplification with Resistive Load 

Figure 4.14 shows the equivalent circuit for a triode with a 
resistive load. This is a simple series circuit for which we can 



Fig. 4.14. Equivalent circuit for a triode amplifier with resistive load, 
write from inspection 

fJfEg “ IpRjj “1" I pT If 
T ^ 

^ Tp-\- Rl 

As discussed in connection with Eq. (4.11) 

TP 7 r> fxEgRL 

Mip — Iptih „ I p 

Tp -f- JtlL 

The amplification of the circuit is the ratio 
Therefore 

A = = jlRh 

Eg Tp + Rh 

This expression immediately shows that the amplification A 
approaches the amplification factor when the load resistance 
becomes large compared with the plate resistance. From a prac- 
tical standpoint, however, it is not necessary to make the load 
resistance more than ten times the plate resistance in order to 


between Ep and Eg. 

(4.16) 
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realize 90 percent of the ultimate gain. Equation (4.16) also 
indicates that a high amplification factor should be associated 
with a low plate resistance to obtain high amplification with a 
reasonable size of load resistance. In other words the ratio ii/vp 
should be large. Since fi/rp is the transconductance, a high trans- 
conductance is desirable for a good amplifier tube. 

It is interesting to use Eq. (4.16) to check the results obtained 
graphically from the load line. At the operating point the values 
of At and Tp read from the curves are 20 and 10,000 ohms. The 
load line was drawn for an Ul of 30,000 ohms. Placing these 
values in the equation, 

(20)(30,000) _ 

(10,000 + 30,000) 

This checks exactly the graphical analysis. The minus sign means 
that the output voltage is 180 degrees out of phase with the input, 
as shown by Fig. 4.10. 


4.8 Amplification with an Impedance Load 

Analyzing the behavior of an amplifier with a load impedance 
containing reactance is practically impossible graphically, but 
with the aid of the equivalent circuit it reduces to a simple series 
circuit problem. Figure 4.15 shows the equivalent circuit for a 



Fig. 4.15. Equivalent circuit for a triode amplifier with an inductive im- 
pedance load. 


triode with an inductive impedance load. Treating this circuit 
exactly as before but substituting Zl for Rl and remembering 
that the currents, voltages, and impedances must be treated as 
complex quantities, we obtain for the amplification 


- 


IiZl 

{Vp + Zl) 


(4.17) 


The bold-faced type indicates complex or vector quantities. Here 
again the minus sign represents a phase reversal of 180 degrees. 
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but the fraction Zi/irp + ZL) is not a pure number and contains 
a phase angle. This means that the output voltage will be shifted 
from the normal 180 degrees by an amount depending on the 
reactance in the circuit. 

The vector diagram of Fig. 4.16 illustrates this point. Voltages 
Eg and fiEg are used as the reference. In the plate circuit, the 



Fig. 4.16. Vector diagram for the amplifier of Fig. 4.15 with inductive load 
impedance. 

current Ip lags the applied voltage fxEg because of the inductive 
reactance present. Voltage drops IpVp and IpRl are in phase with 
the current, as they must always be, but the IX drop in Xl leads 
the current by 90 degrees. Furthermore the sum of the three 
voltage drops must equal the applied voltage fiEg, This is shown 
on the diagram. Also shown is the drop IpZi obtained by adding 
the drops across Rl and Xl- Reversing the vector IpZi gives Ep 
which now is not 180 degrees out of phase with Eg, When this 
is the case, the ampKfier is said to produce a phase shift of 
a degrees from the normal 180 degrees. Whether or not this 
phase shift is desirable depends entirely upon the particular cir- 
cumstances. A circuit amplifying complex wave forms containing 
many different frequency components might produce a seriously 
distorted wave by disturbing the phase relations of the amplified 
components. 

To illustrate a quantitative computation of the amplification 
with a reactive load, let us assume a circuit with a 6J5 triode and 
a load of 25,000 ohms inductive reactance and 5,000 ohms re- 
sistance. The impedance Zl is then 5,000 +y25,000. Placing 
this in Eq. (4.17), 

A 120) (5,000 + i25,000) _ (20) (5 + i25) 

(10,000 + 5,000 + j25,000) (15 + j25) 
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Multiplying top and bottom by the conjugate to clear the fraction, 

. ^ (2Q)(5+i25)(15-i25) ^ (20) (700 + ^250) 

(15 +y25) (15-^25) 850 

This result was obtained by carrying out the multiplication and 
remembering tha t is minus on e. Completing the computation, 

A = -16.5^^.88 = 17,5 /199.6^ 

This final form is obtained with the aid of Fig. 4.17, illustrating 
the change from rectangular into polar form. For this particular 



Fig. 4.17. XUustration of the change from rectangular into polar form. 

amplifier the phase shift a is 19.6 degrees leading the normal 
180 degrees. 

4.9 Interelectrode Capacitance 

Any two conductors near one another possess the property of 
electrical capacitance and, unfortunately, the elements of a triode 
p are no exception. This is illustrated by 

ogp 4.18, showing the three capacitances 

/V/"' X that exist between the cathode, grid, and 

Go-X-/- 1 - plate. Capacitor between the ca^ode 

I y “ and grid appears as a reactance to the sig- 
nal source; its effect will be discussed in 
^gk — connection with practical amplifier cir- 
cuits. The output capacitance Cpk is ef- 
Fig. 4.18. Triode inter- fectively in parallel with the load imped- 
eiectrode capacitances. ance, and it can be considered as part 

of The presence of the grid-plate capacitance, however, may 
be very annoying because Cgp provides an arC path for the transfer 
of energy from the plate circuit to the input. 

The three capacitances are small, usually in the order of 5 micro- 
microfarads for the tube alone but somewhat larger when the 
tube socket and wiring are taken into account. At audio fre- 
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quencies the reactance is high; for 1,000 cycles per second the 
reactance of 5 micromicrofarads is over 30 megohms, but at a 
radio frequency of 1 megacycle (the middle of the broadcast band) 
the reactance is only 30,000 ohms. Thus at a moderate radio 
frequency the reactance of Cgp is comparable to the load resistance 
of the amplifier. Under such circumstances the capacitance pro- 
vides a relatively good path for the transfer of amplified energy 
from the plate circuit back to the grid again. This usually results 
in a condition called oscillation, in which the amplifier provides its 
own input signal, and an output is obtained even when no input 
is applied. Since an amplifier is supposed to produce an output 
that faithfully follows the input, oscillation is undesirable and a 
triode cannot be used at high frequencies without taking special 
precautions to eliminate feedback. 


4.10 The Tetrode 

The tetrode (four-element tube) represents a first attempt to 
eliminate the grid-plate capacitance of the triode. As indicated 
by Fig. 4.19, this is accomplished by placing a second grid of wires 
between the first grid (called the control grid) and the anode. 
The second grid (?2 is called the screen grid because it intercepts 
the electrostatic field of the plate and reduces the capacitance 
between plate and Gi to a very low value. Of course capacitance 
exists between <?2 and the plate, but by con- 
necting (?2 to the cathode this capacitance 
is placed in parallel with the load imped- 
ance, where it does no particular harm. 
Unfortunately, connecting (?2 to the cath- 
ode would also reduce the plate current to 
zero because the screen grid in shielding 
the plate from the control grid also shields 
it from the cathode so that no electrons 
are attracted to the anode. This difficulty 
can be overcome by introducing a battery at point X of Fig. 4.19 
to maintain (?2 at a constant positive potential with respect to the 
cathode. 

Let us now investigate the flight of an electron from the cathode 
to the anode. With (?2 positive, the electric fields between the 
cathode and (?2 are similar to those in a triode and a portion of the 
emitted electrons manage to pass the control grid and accelerate 



Fig. 4.19. Conventional 
S5nnbol for a tetrode. 
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toward the screen. Of these electrons, a fraction are captured by 
the screen itself, but those whose paths take them between the 
screen wires pass it and continue toward the plate. The situation 
can best be described with the aid of Fig. 4.20, showing a plot of 
potential as a function of distance 
from the cathode. The heavy line 
shows the voltage for a path be- 
tween the grid wes (the path in 
which we are interested), and the 
dotted line shows the potential 
curve for a path intersecting the 
grid wires. Three cases are of in- 
terest as follows: 

Plate Voltage Higher Than Screen 
Voltage. Under this condition the 
electrons continue to accelerate 
toward the anode, and all those 
passing the screen reach the plate. 

Upon striking the plate the pri- 
mary electrons may cause the emis- 
sion of secondaries, but these re- 
turn to the plate and contribute 
nothing to the operaticn of the tube. 

Plate Voltage about Equal to 
Screen Voltage. In this case the 
electrons passing the screen con- 
tinue to coast on to the plate with 
little velocity change. Secondary electrons driven out of the 
anode may or may not leave the plate and reach the screen, de- 
pending on whether their kinetic energy is sufficient to carry them 
imder the slight dip in curve b of Fig. 4.20. This dip is caused by 
the space charge. 

Plate Voltage below Screen Voltage. When the plate voltage is 
considerably lower than the screen voltage, the electrons are de~ 
celerated after passing the screen but reach the plate because of the 
kinetic energy acquired in traveling from the cathode to the plane 
of the screen. Any secondary electrons produced find an electric 
field urging them away from the plate and toward the screen. 
Thus they continue toward the screen, and the net plate current 
equals the current due to the primary electrons minus the secondary 


i g2 

Fig. 4.20. Potential distribution 
in a tetrode as a function of the 
distance from the cathode. The 
heavy line represents an electron 
path passing between the grid 
wires. The dotted line shows the 
potential along a path intersecting 
a grid wire. 
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electron flow. If more than one secondary electron is produced 
per primary electron, the plate current may actually be negative. 

The effect of secondary emission on the tetrode plate character- 
istic curves is shown by Fig. 4.21. The dotted line shows the 
primary current reaching the plate. This curve rises rapidly at 
low plate voltages and levels off when all the electrons passing the 
screen reach the anode. Since the screen cannot completely inter- 
cept the electrostatic field of the anode, the plate potential does 
have a slight effect on the current and the curve is not perfectly 


s 2 


0 100 200 
- volts 

Fig. 4.21. Analysis of a tetrode plate-current curve. The curve is taken with 
constant screen and control-grid voltages. 

level. At very low plate voltages primary electrons strike the 
plate so gently that secondaries are not formed. Consequently, 
the net plate current approaches the dotted line near the origin. 
For higher plate voltages the kinetic energy of the primary elec- 
trons is greater, secondary electrons are formed, and the net 
plate-current curve departs from the upper curve. In the neigh- 
borhood of c, where the primary current curve is flat, the rate of 
increase of secondaries makes the net current drop off until a 
point is reached where the plate potential begins to approach the 
screen voltage. In this region (below 6) the space-charge dip 
between the screen and the plate discourages the weaker secondary 
electrons, and the net current again approaches the upper curve. 
Well above h all the secondaries return to the plate, and the curves 
again coincide. 

The tetrode plate-current curve of Fig. 4.21 is not without its 
interesting and useful features, but for the purpose of amplification 
the portion affected by secondary emission is xmdesirable. Of 
course this part of the curve can be avoided by using a sufficiently 
high plate-supply voltage to make the load line fall to the 
right of the critical region, but this amounts to wasting the first 
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one hundred volts or so of d-c supply — ^hardly an economical 
procedure. Consequently, the tetrode was soon abandoned in 
favor of the pentode. 

4.11 The Pentode 

A pentode consists of a tetrode with a third grid Gs added be- 
tween the screen grid and the plate as suggested by the conven- 
tional diagram of Fig. 4.22. This grid, called 
the suppressor, is designed to suppress the 
effects of secondary emission by repelling the 
secondary electrons back to the plate instead 
of allovdng them to reach the screen. Fig- 
ure 4.23 illustrates the role of the suppres- 
sor in accomplishing this result. The diagram 
shows that the suppressor lowers the poten- 
tial distribution curv^e in front of the plate 
and forces the secondary electrons to return. 

Ordinarily the suppressor is connected to the cathode, but in 
some cases a small positive or negative potential may be applied. 


K 

Fig. 4.23. Potential distribution curve for a pentode. 

Figure 4.24 shows the resulting family of plate characteristics 
for a type 6SJ7 pentode designed for voltage amplification. No 
trace of secondary emission dip can be found, and each curve first 
rises rapidly and then levels off rather abruptly. Not all pentode 
curves break as sharply as these; those designed for higher plate 
currents and greater power are usually more rounded. 

Pentode Coefficients. The transconductance of a pentode is ap- 
proximately the same as that of the corresponding triode. For 




tional symbol for a 
pentode. 
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the 6SJ7 pentode the transconductance at a plate current of 
4 miUiamperes is 1,800 micromhos as compared with 2,000 for the 
6J5 triode. The plate resistance of a pentode is invariably high 
because the plate voltage has little effect on the plate current in 
the normal operating range. The measured slope of the flat part 
of the 6SJ7 curves shows the plate resistance to be in the order of 
several megohms, but the value varies considerably \\dth the posi- 
tion on the chart. While high plate resistance is sometimes un- 
desirable, it is a direct consequence of the introduction of shielding 
between the plate and the control grid. 

It is not possible to obtain the amplification factor directly from 
the cur\^es but, vith the help of the relation ju = gmrp, it can be 
estimated. Putting in the values of transconductance and plate 
resistance we find that the amplification factor is very high — ^in 
the order of 4,000. This is a tremendous advantage because the 
amplification of a circuit cannot exceed the amplification factor. 
W'ith a pentode, the amplification factor is so high that a circuit 
realizing only a small fraction of the ultimate may have a gain of 
over a hundred. 

Pentode Amplification, The load line drawn on Fig. 4.24 corre- 
sponds exactly to that drawn on Fig. 4.5 for the 6J5 triode. For 
the pentode a 2-volt swing from —1 to —3 on the grid produces a 
plate-voltage change of 116 volts. This represents an amplifica/- 
tion of 58 for the pentode as compared with 15 for the triode under 
similar conditions of operation. Thus the effort spent in reducing 
the undesirable grid-plate capacitance has also improved the tube 
from the standpoint of amplification. This represents one of those 
rather rare circumstances in which the removal of one defect re- 
sults in the unexpected improvement of another characteristic. 

The amplification of an amplifier is given by the expression 




Tp -h Zl 


(4.18) 


However, the plate resistance of a pentode is much larger than 
any practical load impedance or resistor capable of passing the 
necessary plate current with a reasonable voltage drop. Therefore, 
to a close approximation, the term Zl in the denominator of the 
above expression can be neglected with the result 


A = - 


fJ'ZL 

Tp 


— gmZh 


(4.19) 
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^ 5 - volts 

Fig. 4.24. A family of plate charactezustics for a type 6SJ7 pentode. 




66 


ELECTRONICS IN ENGINEERING 


This means that, within the practical range of load impedance, the 
amplification is proportional to the load impedance rather than 
limited by a relatively low amplification factor. Figure 4.25 illus- 
trates this point. Equation (4.19) also shows that the transcon- 
ductance is the only factor of interest for a pentode as long as 
the plate resistance is very high. 

Investigation of the load-line intercepts on the characteristic 
curves of Fig. 4.24 shows them to be less uniform than for a 
triode. Therefore the distortion of the output wave is worse if 



Fig. 4.25. Comparison of the amplifications obtained with a triode and a 
pentode of equal transconductance. 

pentodes are used in place of triodes. Although this is generally 
true, pentodes have so many other outstanding advantages that 
they have practically displaced triodes for many applications. 
Fortunately there are other ways of reducing the nonlinear dis- 
tortion produced by an amplifier. 

4.12 The Beam-power Tetrode 

The beam-power tube is essentially a tetrode of improved design 
to eliminate the effects of secondary emission by t akin g advantage 
of the electron space charge existing between the screen and the 
plate. In conventional tubes the electrons start at a small cylindri- 
cal cathode and spread out more or less radially as they flow to 
the anode. This makes the electron density near the plate small, 
and the space charge is too weak to be of any particular help in 
repelling secondary electrons back to the plate. By arranging the 
electrodes in the fashion shown by Fig. 4.26, it is possible to ob- 
tain a nearly parallel flow and maintain a high-density beam 
throughout the path. Hence the term ‘^beam’’ tube. The elec- 
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Fig. 4.26. Guta’ 


cathode, i 

provement is obtained by winding both grids to the same p: 
carefully aligning the screen grid so that it falls in the “s 



Fig. 4.27. Potential distribution in a beant-power tetrode. 

of the negative control grid. This reduces the screen current and 
improves the tube efficiency. 

Figure 4.27 shows the potential distribution in a beam tube with 
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a plate voltage below the screen voltage. Electrons passing the 
screen are decelerated as they approach the plate and form a 
dense space charge. This produces a potential depression and 
provides a barrier to the flow of secondary electrons from plate to 
screen. Imagine a lone secondary electron in such a position con- 
fronted by a crovrd of repulsive primary electrons rushing toward 
it. At low plate voltages the primary electrons are slowed down 
even more and produce a still lower potential minimum. Thus 
secondary emission is effectively suppressed without a third grid. 

The characteristic curves for a small beam-power tube are given 
by Fig. 4.28. These curves show good design because the plate 
current rises rapidly until the knee of the curve is reached. This 
permits a maximum plate-voltage swing along the load line with- 
out driving the control grid positive. Since this provides the ut- 
most in alternating output for a given d-c input, a beam-power 
amplifier is relatively eflGicient as weU as providing more amplifica- 
tion than does a triode. The lowrer curves show an interesting 
and typical tetrode secondary-emission dip near the left-hand end. 
At low currents the small space charge cannot depress the potential 
enough to return the secondaries to the anode. Fortunately, a 
normal load line falls well above this region. 

The beam-tetrode design is used only for power-amplifier tubes 
where currents are high and efficiency is important. Most voltage 
amplifiers operate at such smaU currents that efficiency is second- 
ary, and pentodes do a satisfactory job. In beam tubes the role 
of the screen as a shielding electrode is often secondary; its main 
function is to accelerate the electrons to reach the plate even with 
low plate voltages. 


PROBLEMS 

4.1 From the characteristic curves of Fig. 4.5, graphically determine the 
plate resistance, transconductance, and amplification factor of a 6J5 triode 
for a number of plate currents between zero and 12 ma. Determine these for 
plate voltages in the vicinity of 200 volts, and plot curves showing the three 
coefficients as a function of the plate current. 

4.2 On the chart of Fig. 4.5, draw a load line for the amplifier of Fig. 4.8 
with Ehb = 300 volts, Ec = — 8 volts, and Rl = 20,000 ohms. Determine 
hi Eh, and the amplification in the vicinity of the operating point. 

4.3 From the load line of Prob. 4.2, draw the dynamic characteristic and 
develop a plate-current wave similar to that of Fig. 4.9. Assume a sinusoidal 
grid voltage with an 8-volt peak. 

^ 4.4 A type 6J5 in the circuit of Fig. 4.8 operates with an actual plate voltage 
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e^-volts 

Fig, 4,28, Plate characteristics for a type 6V6 beam-power tetrode. 





70 


ELECTRONICS IN ENGINEERING 


of 150 volts {Eb)i a bias of —5 volts, and a load resistance of 50,000 ohms. 
Draw the load line for the circuit, and from it determine the required power- 
supply voltage Ebb and the amplification. 

4.6 A high-mu triode operates into an inductive load impedance Zl = 1,000 
+ j25,000 ohms. The tube coefficients are n = 100, rp - 80,000 ohms. Com- 
pute the amplification, and determine the relative phase angle between Ep 
and Eg. 

4.6 A triode with a /t of 20 and an rp of 10,000 ohms operates with a load 
impedance of 10,000 ohms resistance in parallel with a capacitance of 100 /i/jlL 
Compute (a) the frequency at which the capacitive reactance equals the 
10,000-ohm resistance, and (b) the amplification at this particular frequency. 

4.7 Compute the amplification of the circuit of Prob. 4.6 at one-tenth 
of the frequency at which Xe == E. 

" 4.8 From the curves of Fig. 4.24, estimate the value of the plate resistance 
for a tjT)e 6SJ7 at the point Eb = 200 volts, Ec^ ~2. Also determine the 
transconductance at this point, and compute an approximate value of the 
amplification factor. 

4.9 Draw a 40,000-ohm load line through the operating point of Prob. 4.8, 
and determine the amplification (a) graphically, (6) from the exact equation 
using the values of Prob. 4.8, and (c) from the approximate equation for a 
pentode amplifier. 



CHAPTER 5 


GAS-FILLED TUBES 

Electrical discharge in gases is a complex phenomenon, and 
many books have been written about the subject. Even today, 
with the fundamental processes well understood, a complete quan- 
titative analysis is not always possible. 

For the purpose of investigation, let us imagine a glass envelope 
containi n g two cold metal electrodes and a gas at a pressure con- 
siderably below atmospheric. Figure 5.1 shows this tube con- 



Fig. 5.1. A circuit for investigating the properties of a gas-filled tube with 
two cold electrodes. 

nected in a test circuit with suitable meters and a series resistor 
to protect them when the gas breaks down. The heavy dot inside 
the envelope shows the conventional representation for gas. 

5,1 The Townsend Discharge 

By varying the plate-supply voltage from zero upward and tak- 
ing simultaneous readings of current and voltage, we can obtain 
the data for the curve of Fig. 5.2. This curve shows that the plate 
current first increases up to point a and then levels off for a short 
distance up to point h. Under normal circumstances this current 
is extremely small and, from a practical standpoint, the tube re- 
mains an excellent insulator, but from the physical point of view 
the current is extremely interesting. This tiny current results from 
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ionization of the gas by photons and high-energy particles, and 
from photoelectric emission at the cathode. Many experiments 
substantiate this fact. Exposing the tube to ionizing X rays or 
radioactive material immediately increases the current without 
changing the general shape of the curve. Ultraviolet light shining 
on the cathode causes a similar increase by photoemission. Sur- 
rounding the tube with a shield of lead or thick concrete decreases 
the current but does not reduce it to zero. High-energy cosmic 
rays penetrate such a barrier to ionize the gas. 

The shape of the curve is now easily explained. A voltage above 



Fra. 6.2. The Townsend discharge curve obtained with the circuit of Fig. 5.1. 

that of point a saturates the tube and draws all the electrons and 
positive ions to the electrodes as fast as they are formed. In- 
creasing the potential to h has no effect on the ion supply; the 
individual particles acquire higher velocities, but the number 
arriving per second at the electrodes remains the same. For 
voltages higher than 6, however, the electrons acquire enough 
energy to produce additional ions through collisions with the gas 
molecules. The bulky positive ions do not contribute to this 
because they continually collide with gas atoms of equal mass and 
lose so much of their kinetic energy at each collision that they gain 
in sufficient velocity to cause ionization. The tiny electrons, on 
the other hand, travel relatively large distances between collisions, 
and being so light compared with the gas atoms, they lose little 
energy from the impacts. They thus continue to gain energy from 
the electric field until they have sufldcient energy to produce 
ionization. 

At point c on the curve, each electron produces, on the average, 
two additional ionizing collisions and increases the current to three 
times the initial value. An analysis of this process indicates that 
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the current should increase exponentially with applied voltage. 
Electron avalanches^’ are formed in which the initiating electron 
liberates an additional electron; the two then speed off to repeat 
the process, making four electrons, and so on. From this picture 
it is not surprising that the current cur\'e rises very steeply, but 
there is no reason to expect that the current should eventually 



Fig. 5-3. The formation of an electron avalanche by successive ionization 
in a gas. 

rise without limit because each electron can produce only a finite 
number of additional electrons. Experimentally, however, the 
current does reach a point where the slope becomes vertical. 

This was investigated by Dr. J. S. Townsend, for whom the 
discharge is named, as early as 1901. Townsend reasoned that 
the electron avalanches alone could not produce such a curve and 
that the positive ions traveling toward the cathode must somehow 
produce additional electrons in a favorable position near the 
cathode to start fresh avalanches. He assumed that the ions 
produced ionization by collision with gas atoms, but it has since 
been shown that the additional electrons are liberated by secondary 
emission when the ions strike the cathode. In a typical discharge 
only one ion in several thousand produces a secondary electron. 

At the critical voltag;e where the curve rises without limit , each 
original electron produces sufficient ions so that they, in tum,^ 
can produce one new electron at the cathode. At this point the 
discharge becomes self-siLstaming because it no longer depends 
upon the initial source of ionization. The voltage at this point is 
called the breakdown voltage, or the sparking potential . Below 
this point the discharge is non-^self-maintaining, 

A study of the Townsend discharge is important because it illus- 
trates the mechanism by which electrical breakdown occurs in a 
gas. The discharge itself is important in the operation of gas- 
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filled phototubes, which take advantage of the current amplifica- 
tion provided by the electron avalanches. 

6.2 The Glow Discharge 

The series resistance in the circuit of Fig. 5.1 prevents the current 
from increasing without limit when the sparking potential is 
reached. Instead, it is found that, as this potential is approached, 
the current suddenly takes a jump, the voltage across the tube 
drops, and a glow appears. This is called a glow discharge. Further 
increases in supply voltage increase the tube current but may 
actually decrease Eb. Consequently, it is more convenient to 
think of the current as the independent variable and the voltage 
as the dependent fimction. For this reason, Fig. 5.4 has been 



amperes flog scale) 

Fig. 6.4. Voltage-current characteristic curves for the three tjT>es of gaseous 
discharge. 

plotted wdth the current as the abscissa. The logarithmic scale 
shows the wide current range covered by the three types of disr- 
charge illustrated. 

The glow discharge is a self’-maintaining discharge characterize d 
by a relatively constant voltage drop over a consi derable range of 
current. The mecnamsm is considered to be the same as for the 
Townsend discharge as it approaches the self-sustaining point; 
positive ions striking the cathode produce secondary electrons 
which start electron avalanches, thus producing more positive ions, 
etc. The important difference between the Townsend and glow 
discharge is the current carried. In the glow this current is large 
enough to produce effective space charges that distort the field 
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in the space between the plates. This accounts for the difference 
in voltage between the two discharges despite the similarity of the 
mechanisms involved. The region between the two curves is an 
unstable one, and in most cases it cannot be observed experi- 
mentally. 

The flat portion of the glow-discharge curve is of practical im- 
portance because it provides a device that will maintain a fairly 
constant voltage drop despite current variations through it. 

5.3 The Arc Discharge 

The positive ions striking the cathode in a glow discharge not 
only liberate secondary electrons, but they also heat the surface. 
Normal glow currents produce only moderate vyarming of the 
cathode, but if the current is increased sufficiently, a point is 
finally reached at vrhich the cathode temperature becomes high 
enough to produce thermi onic emission . This completely changes 
the character of the discharge, and again there is a sudden jump 
to a new form of conduction called an arc. 

The arc is characterized by a relatively l ow voltage drop and a 
relatively high current , andjt differs from the glow and Townsend 
discharges by the presence of a copious electron supply at the 
cathode. 

Thermionic Arcs, In an arc, heating of the cathode by positive- 
ion bombardment produces thermionic emission far in excess of 
the secondary-emission capabilities of the ions. In the glow, 
many ions are required to produce a single secondary electron, 
but when thermionic emission occurs, many electrons are liberated 
per ion. This, in turn, means that each electron in traveling to- 
ward the anode needs to produce only a fraction of an ion, on the 
average, instead of making many ions through electron avalanches. 
For this reason, the arc can exist at the rather low voltage drops 
sufficient to accelerate the ions just enough to supply the required 
cathode heating. In fact, thermionic emission increases so rapidly 
with the temperature that the ratio of electron emission to heating 
energy decreases at larger currents. Thus, for an increased current 
flow, each positive ion needs to contribute less energy than before 
(although the total will be more), and the voltage drop acr(^ the 
arc decreases. Quantitative computations for refractory cathodes, 
such as tungsten, provide surprisingly good verification of the ex- 
perimental voltage-current curv^. 
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The discharge obtaiaed when the cathode is heated by some 
separate means is also classified as an arc. This heatin g has the 
advantage of eliminating the progression of the discharge through 
the Townsend and glow stages, and it permits the arc to st art 
when the voltage reaches the ionizing potential of the gas, without 
having first to override the sparking potential. Since the energy 
for heating the cathode is not provided by positive-ion bombard- 
ment, it is to be expected that the voltage drop for this type of 
arc may be even lower than shown by Fig. 5.4. In fact, the voltage 
>drop for this arc is approximately equal to the ionizing potential 
of the gas since the electrons need only to reach sufl&ciently high 
velocities to produce ionization. With mercury vapor as the gas, 
a tube can be constructed that is capable of passing large currents 
with a voltage drop of only 10 volts. 

Cold-Cathode Arcs, Arcs in which the cathode has a relatively 
low melting point apparently do not depend on thermionic emis- 
sion. Mercury, for instance, is commonly employed for arc 
cathodes; yet it vaporizes at a temperature far below that necessary 
to produce thermionic emission. Furthermore, traveling arcs can 
be produced in w^hich the cathode spot moves rapidly along the 
metal surface without time to heat it appreciably. Examination 
of a copper cathode after such an arc has passed may show no 
evidence of pitting or burning, yet the melting point of copper is 
below the emission temperature. 

It is now generally believed that such arcs depend on some form 
of high-field emission caused by the heavy concentration of positive 
ions at the cathode surface. Theoretical computations indicate 
that the cathode layer of positive ions can produce the extreme 
field intensities required. 

6.4 The Glow Diode — ^Voltage Regulator 

One important application of the glow discharge is the glow 
diode, or voltage-regulator, tube. This tube takes advantage of 
the flat portion of the glow-voltage characteristic to provide a 
device with a voltage drop substantially independent of the current 
carried. In its commercial form, the tube consists of a cylindrical 
cathode surrounding a central anode rod. Following evacuation, 
gas at low pressure is introduced. The inert gases helium, neon, 
argon, etc., are employed because they ionize easily and they do 
not react with the electrodes. Even with the inert gases there is a 
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gradual adsorption by the electrodes, and the tube characteristics 
slowly change with time. 

Figure 5.5 shows the characteristic curve for a commercial volt- 
age-regulator glow tube designed for 105 volts. This voltage is 
maintained within a few percent over the operating range of 5 to 



milliamp eres 

Fig. 5.5. Characteristic curve for a t 3 rpe OC3 voltage-regulator glow tube. 

40 milliamperes. By suitable spacing of the concentric electrodes, 
the breakdown voltage (starting voltage) is made rather low and 
it is imnecessary to apply a high voltage to start the glow. Other 
tubes are available for voltages of 75, 90, and 150 volts with 
similar current ratings. 

These glow tubes are used in voltage-regulator circuits designed 
to provide a constant output voltage regardless of load-current or 
input-voltage changes. Figure 5.6 shows such a circuit. Here, 





Fig. 5.6. Simple voltage regulator employing a glow diode. 

the problem is to provide a constant 105-volt source of ^ milli- 
amperes from the 250-volt output of a rectifier. This regulated 




78 


ELECTRONICS IN ENGINEERING 


voltage might be used for the screen voltage of a number of pen- 
todes in a circuit requiring especially good stability. The circuit 
design is based on the fact that the output voltage will remain 
approximately 105 volts as long as the glow-tube current stays 
within the range of 5 to 40 milliamperes. Choosing a glow-tube 
current of 20 milliamperes sets the value of Ir at 40 milliamperes. 
Resistor R must then be (250 — 105)/0.04, or 3,600 ohms. The 
nearest commercial size will do. 

If, by chance, the load is removed, the output voltage still re- 
mains 105 volts and the current I r remains the same. Therefore 
the glow-tube current must make up the difference by increasing 
to 40 milliamperes. Increasing the load current to more than 35 
milliamperes drops the glow-tube current below 5 milliamperes, 
w^hich is outside the operating range. Changes in input voltage also 
affect the glow^-tube current without appreciably changing the out- 
put voltage, as long as the tube current stays between 5 and 
40 milliamperes. 

The voltage-regulator circuit is also an excellent filter for reduc- 
ing the input-voltage ripple. If, for instance, a 100-volt change of 
input voltage produces only a 1-volt change in the output, the 
equivalent smoothing factor is 100. 

6.6 The Thermionic Gas Diode 

One application of the arc discharge is the thermionic gas diode 
used instead of the vacuum diode for efficient rectifier circuits. In 
its common form, the diode consists of an oxide-coated cathode 
and an anode, both of which are enclosed in an envelope containing 
a drop of mercuiy. Other inert gases may be used, but the mercury 
vapor has the advantage of low ionizing potential, and the liquid 
mercury provides a source of gas to replace any adsorbed by the 
electrodes. However, the excess mercury has the disadvantage o f 
m aking the gas pressure and th e tub e cha racteristics dependent 
on t he temperature. 

Characteristic Curves, Figure 5.7 shows the characteristic curve 
of a mercury-vapor diode. For voltages up to point a, the tube 
acts much like a vacuum diode. The electrons have insufficient 
speed to make positive ions, and the current is limited by the 
negative space charge. At approximately the ionizing potential 
of the gas (10.4 volts for mercury) the electrons succeed in pro- 
ducing positive ions. Mercury ions are extremely heavy compared 
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with electrons, and they move slowly toward the cathode, remain- 
ing in the intervening space a relatively long time. For this 
reason, the ions are highly effective in counteracting the electron 
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Fig. 6.7. Characteristic curve for a hot-cathode mercurj -vapor diode. 

space charge, and the current is no longer limited by space charge; 
instead, it is limited only by the external circuit resistance. This 
condition is represented by the relatively flat portion of the curve 
of Fig. 5.7. 

The effect of the positive-ion space charge on the potential dis- 
tribution in the tube is shown by Fig. 5.8. From the cathode to 

Plasma 



Cathode Anode 

Fig. 5.8. Potential distribution in a thermionic gas diode. 

point a the potential rises rapidly, as it must, to accelerate the 
electrons up to ionizing velocity. From point a onward, the elec- 
trons produce ionizations, and the remaining distance to the anode 
is filled with ions and electrons of approximately equal number. 
Thus this region has all the properties of a good conductor — ^zero 
net charge and free conduction electrons. This portion of the dis- 
charge is called the plasma, and the voltage drop throughout its 
length is very small. 

If the anode is moved farther away from the cathode, the poten- 
tial distribution in the vicinity of the cathode is not much affected; 
the plasma becomes longer, and the tube drop is about the same. 
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The net effect is the same as though the anode were very close to 
the cathode, with the plasma bridging the remaining distance. 
With more current flowing, the plasma moves even closer and 
maintains the same total voltage drop. Distance d of Fig. 5.8 is 
a few tenths of a mdllimeter for normal current densities. 

Heat Shielding. This behavior immediately suggests the possi- 
bility of folding or roughening the cathode surface to increase the 
emission area without increasing the radiation loss. Since the 
plasma accurately follows the cathode contours, the tube drop is 
not particularly affected. 

Figure 5.9 shows several heat-shielded cathodes. The directly 




(a) Directly heated types (b) Heater type. The small central 

cylinder encloses the heater 

Fig. 5.9. Several types of heat-shielded cathodes. These improve the cathode 
eflSciency by increasing the emitting surface without a corresponding increase 
in the radiating area. 

heated types of Fig. 5.9u are commonly used in the smaller gas- 
filled tubes. The f olde d or coiled filamen t may either be solid or 
constructed of screen to increase the surface area further. Such 
an arrangement i ncreases the emission per watt of heating powe r 
several times compared with conventional filaments . Even better 
is the heater type of Fig. 5.96. The central heater heats the two 
inner cylinders and connecting vanes to emission temperature. 
This part of the structure is oxide-coated for maximum emission. 
Surrounding the emitter, one or more polished concentric heat 
shields reflect the radiant energy back to the coated cathode. 
Since the gas pressure is very low and convection plays little part, 
almost aU the heat loss takes place from the ends of the structure. 
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The effort spent in shielding the cathode to reduce the required 
heating power also increases the thermal inertia of the system, 
\sdth the result that normal heating power may require a long time 
to bring the cathode up to operating temperature. Many heater- 
type shielded cathodes require a o-minute heating period. Di- 
rectly heated cathodes are quicker; about 30 seconds is usually 
required. 

Cathode Disintegration. It is perhaps surprising that oxide- 
coated cathodes can be used in gas-filled tubes because of the 
possibility of disintegration by positive-ion bombardment. Ex- 
perimentally it has been foxmd that appreciable cathode destruc- 
tion can be avoided by keeping the tube drop below about 20 volts. 
Unfortunately, however, the tube drop depends on the tempera- 
ture, especially for mercuiy-vapor tubes in which the gas pressure 
provided by the mercury drop is an exponential function of the 
condensed mercury temperature. Figure 5.10 shows that the tube 



Condensed mercury temperature - °C 


Fig. 5.10. Tube drop and peak-inverse-voltage curves for a mercury-vapor 
thermionic diode. These curves show that the condensed mercury tempera- 
ture must remain within definite limits to avoid cathode disintegration and 
arc back. 

drop increases at low temperatures and that the temperature of 
the mercury must be kept above a limiting value to avoid cathode 
disintegration. At low ambient temperatures merely heating the 
cathode for the specified time does not assure proper mercury 
temperature; the tube as a whole must be warm. Inert-gas-filled 
tubes can operate over wider extremes of temperature because the 
pressure of a free gas varies less than the pressure of a vapor in 
contact with the liquid phase. 
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Under normal circumstances the voltage drop across the tube 
is not much affected by the current through it as long as the current 
drawn is less than the total cathode emission. When saturation is 
reached, however, the tube drop rises and quickly exceeds the 
cathode disintegration potential. This limits the peak currents 
that can be drawn from a thermionic gas tube without damage 
and makes it imperative to bring the cathode to full operating 
temperature before plate voltage is applied. If plate potential is 
applied earlier, the plate current may attempt to exceed the emis- 
sion of the partially heated cathode and produce excessive tube 
drop. For this reason, these tubes are usually protected by a time- 
delay relay to prevent application of the plate potential until the 
cathodes have heated. 

JLrc Back . The mercury- vapor diode suffers from anothe r dis- 
advantage not common to the vacuum diode. In rectifiers and 
control circuits, the tube spends part of the time with a negative 
plate voltage, and it is important that no conduction take place 
during this period. With reversed voltage the presence of the gas 
makes it possible for a discharge to take place when the potential 
exceeds the sparking potential. With low circuit resistance, this 
discharge immediately passes to the arc stage and the tube be- 
comes an excellent conductor. This is called arc back. Arc back 
in the rectifier circuit of Fig. 3.5 would short-circuit the supply 
transformer and operate any fuses or circuit breakers protecting 
the system. 

Fortunately, the electrode configuration and gas pressure can 
be adjusted to provide peak inverse voltages in excess of 20,000 
volts. However, with mercury-vapor tubes this voltage is affected 
by the condensed mercury temperature, as shown by Fig. 5.10. 
High temperature, and therefore high pressure, severely limits the 
inverse voltage capabilities of the tube and restricts the operating 
range, as shown on the chart. Since the gas pressure is regulated 
by the temperature of the condensed mercury at the bottom of 
the tube, it is only this region that must be cooled. Blowers 
are usually arranged so as to keep this portion of the tube 
coolest. 

Field of Use. Thermionic gas diodes are used in practically all 
rectifying equipment handling sufficient power to make efficiency 
important and large enough to make the required time-delay and 
temperature-control equipment economically worth while. Small 
rectifiers usually employ the more rugged vacuum diodes because 
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serviceability is of more importance than eflB.ciency. Very high- 
voltage equipment must also employ vacuum tubes because of the 
peak-inverse-voltage limitations of the gas diodes. Industrial 
equipment of moderate voltage and high output power may em- 
ploy mercury-pool arc tubes to obtain certain advantages of 
ruggedness discussed in the following sections. 

6.6 The Thermionic Gas Triode — ^The Thyratron 

The term thyratron describes a thermionic gas tube having one 
or more grids for the purpose of controlling the flow of plate cur- 
rent. Although the control electrodes are 
called grids, they are often made in the 
form of solid cylinders and baffles simi- 
lar to the construction shown by Fig. 5.11. 

In a vacuum tube this would produce very 
high tube drop, but in a gas tube the 
plasma extends to the cathode and the 
tube drop is low. 

A thyratron has all the limitations of a 
gas diode with respect to operating tem- 
perature, cathode heating, etc., and it may 
depend on mercury vapor as a source of gas, 
or it may be filled with an inert gas such as 
argon to stabilize the characteristics with 
respect to temperature. Likewise it has 
ah the efficiency advantages of a gas diode 
with the added feature of grid control. 

Control Characteristics. The beha\ior of a gas triode is entirely 
different from that of a vacuiun triode. It operates as an electronic 
switch that can be grid controlled with the expenditure of little 
power. This control characteristic is expressed as a curve, shown 
by Fig. 5.12. The heavy cur\^e represents an average tube, and 
the dotted lines show the normal deviations from average. To 
understand this curve, let us imagine that the plate voltage of the 
tube is held constant at 200 volts, as indicated by the horizontal 
arrow on the diagram. The grid voltage is initially set at, say, 
— 10 volts to produce complete current cutoff. Under this condition 
no electrons can accelerate toward the plate to produce ionization. 
Now let us gradually reduce the negative grid voltage until point a 
is approached. Up to point a, cutoff is maintained and the tube 
cannot conduct, but as soon as point a is passed, a tiny current 



struction of a th3rratron or 
thermionic gas triode. 
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starts to flow to the plate. These electrons immediately produce 
positive ions which travel toward the negative grid and raise the 
potential near it. This permits more electrons to' flow, more ions 
to be made, and the tube suddenly becomes fully conducting. The 



Maximum Ratings 

Inverse plate voltage. . 1300 v Peak plate current 500 ma 

Forward plate voltage. . .650 v Average plate current. . . 100 ma 


Fig. 5.12. Control characteristic and ratings of a type 2050 thyratron. This 
is a small thyratron similar in size and appearance to an ordinary radio 
receiving tube. 

plasma now extends close to the cathode, and the grid potential 
has practically no effect on the tube drop or plate current. 

Figure 5.12 shows that a more negative grid voltage will prevent ' 
firing with higher applied plate voltages. The lower left-hand 
region of this chart represents combinations of plate and grid 
voltages that can prevent conduction, and the remaining region 
shows combinations for which the tube conducts. 

Thyratrons can be divided into two classes^ depending on the 
position of the control characteristic. The type 2050 of Fig. 5.12 
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is called a negative-control type because the critical grid-voltage 
values are all negative for the higher anode voltages. Such a 
tube always fires \vdth no voltage on the grid. Figure 5.13 also 



Fig. 5.13. A comparison of positive- and negative-thjTatron-control character- 
istics. 

shows a positive-control characteristic. A positive-control tube 
does not conduct with zero voltage on the grid, and i t is necessary 
t o apply a positive potential to initiate current flow . 

Deionization, Once the tube has fired, it cannot ordinarily be 
stopped by making the grid more negative than the critical firing 
potential. Instead, positive ions flow to the negative grid and 
form a dense positive sheath that practically cancels the negative 
grid potential. These ions produce grid current, and a protective 
series resistance must be inserted into the circuit to limit the 
current to a safe value. Up to the moment of firing there are no 
positive ions, practically no current flows to the negative grid, 
and firing is controlled with almost no energy expenditure. 

The thyratron can be stopped by first making the grid more 
negative than the critical value and then momentarily removing 
the plate voltage. Making the grid negative does not of itself 
stop the current flow, but it puts the grid in a position to control 
the flow once the positive ions disappear. Eemoving the plate 
voltage drops the plate current to zero, and after an instant called 
the deionizing time, the positive ions recombine with electrons to 
produce normal gas atoms. The negative grid then regains con- 
trol, despite reappKcation of the plate voltage. The deionizing 
time ranges from about 1,000 microseconds for most mercury- 
vapor thyratrons to less than 100 microseconds for some types. 
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Figure 5.12 shows curves for a typical gas-filled thyratron of the 
receiving-tube size suitable for control applications involving small 
currents. The characteristics are relatively independent of the 
temperature, and the tube may be used at low temperatures with- 
out danger of increased tube drop and cathode disintegration. 
Large thyratrons capable of handling several amperes or more 
usually contain mercury vapor and need to be protected by auto- 
matic controls to provide proper operating temperature. Their 
control characteristics also vary considerably with the condensed 
mercury temperature. 

Shield-grid Thyratrons, To increase the control sensitivity, many 
thyratrons are of the shield-grid type, illustrated by Pig. 5.14. 



Pig. 5.14. Simplified sketch illustrating the construction of a shield-grid 
thyratron. 

The shield grid, at approximately cathode potential, is designed 
to provide the majority of the electrostatic shielding between 
plate and cathode, but not enough to prevent plate-current flow 
with a moderately positive anode voltage. The control grid, in 
the form of a ring around the current-flow path, provides the 
remainder of the controlling field and produces control character- 
istics similar to that of the triode type. This construction has 
the advantage of reducing the control-grid area and placing it 
outside the path of current flow. This reduces both the gri d 
current an d the control-grid-an ode capacitance . Cower grid cur- 
rent represents less control power, and suchTtubes are used in 
applications where the control signal source has a high impedance. 
In other respects the shield-grid thyratron compares with the 
triode type. 
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6.7 A-C Control of Thyratrons 

The problem of controlling both the starting and stopping of a 
thyratron can be solved neatly by using an alternating voltage in 
the plate circuit. To investigate this possibility, let us analyze 
the performance of the circuit of Fig. 5.15, which represents the 
basic element of many thyratron control circuits. Voltage Ee 
represents a control voltage which might come from a photo- 



Fig. 5.15. Basic thyratron control circuit with an a-c plate supply. 

electric tube circuit, Rg is a resistor to limit the grid current as 
specified by the manufacturer, and Rlib a, load resistor to limit 
the plate current after the tube fires. In practice, Rl could be a 
relay to be closecLor a lamp to be lighted . The a-c source might 
be the 120-volt line, as shown, or a transformer for higher voltages. 

Figure 5.15a shows the wave form of the applied alternating 
voltage ei and the corresponding critical grid voltage curve to an 
enlarged scale. This dotted curve is plotted, point by point, by 
reading ei for various time moments and determining corr^pond- 
ing values of critical grid voltage from the control characteristic 
of Fig. 5.12. The curve obtamed represents conditions up to the 
moment of firing, since before that time no plate current flows 
through Rl, and ci equals the plate voltage on the tube. 
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Let us suppose that the grid voltage Ec is negative and intersects 
the critical curve, as shown in Fig. 5.15a. Up to the moment of 
intersection the grid is more negative than critical value and no 
current flow's, but at the moment of intersection ionization takes 
place and the grid loses control. As soon as the tube fires, the 
plate voltage ei across it drops to a lowr constant value (Fig. 5.15b) 
and the plate current is determined by the values of ei and Rt 
for the remainder of the cycle. This produces a plate-current pulse 
looking like a portion of a half sine wave, as shown by Fig. 5.15c. 

At the end of the half cycle, when Ci drops below the ionizing 
potential of the tube, conduction stops and the thyratron de- 
ionizes during the negative loop of the supply voltage. This 
leaves it ready to repeat the performance cycle after cycle. The 
plate current pulses can be smoothed out if necessary. 

With a sufiGiciently negative grid bias, no intersection occurs at 
any time and the tube remains completely nonconducting, as indi- 
cated by Fig, 5.16a. At some critical point (Fig. 5.16b) the tube 



Fig. 5.16. Control of the average th>Tatron plate current by grid-bias 
adjustment. 

just starts to conduct for approximately one-quarter of a cycle. 
For zero grid bias the tube conducts for fuU half cycles with twice 
the average value of plate current obtained under the critical 
condition of Fig. 5.16b. These diagrams show that an alternating 
supply makes it possible to start and stop the tube by controlling 
the grid bias only, with the limitation that the tube can start only 
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during positive half cycles with continued conduction to the end 
of a given half cycle. For many purposes this gives close enough 
time control, but a “finer grained” control can be obtained by 
increasing the supply frequency. 

6.8 The Mercuiy-arc Rectifier 

The term mercury-arc rectifier describes an arc-discharge diod e 
with a mercurv-DQol cathode. In practice, two or more such 
diodes are enclosed in a single envelope with a common pool 
cathode. This construction fits the requirements of many of the 
fuU-wave rectifier circuits of Chap. 3 and of the polyphase circuits 
discussed in Chap. 8, which call for a number of diodes with the 
cathodes connected together. Large mercury-arc rectifiers usually 
consist of a water-jacketed steel tank with a recess in the bottom 
for the mercury pool. The graphite anodes are supported by in- 
sulating bushings from the tank top. Additional details include 
some type of ignitor, excitation anodes for maintaining the arc, 
and internal cooling coils for condensing the evaporated mercury. 
The whole assembly must be mounted on insulated supports be- 
cause the tank and cathode are normally from several hundred to 
several thousand volts above ground potential. 

Mercury-pool Cathode. The emitting surface in a mercuiy arc 
consists ol a small bright cathode spot moving rapidly around on 
the mercury surface. This spot emits electrons which produce 
ionization as they speed to the anode; the ions, in turn, maintain 
the spot by cathode bombardment. For currents above about 
20 amperes, the spot divides and subdivides until enough spots 
exist to provide the emission demanded. Mercury evaporated by 
the cathode spot condenses on the cool envelope walls and returns 
to the pool. Nearly a gram of mercury is evaporated for each 
100 ampere-seconds of current flow. The vapor pressure due to 
this mercury must be limited by providing sufficient cool surface 
for condensation. Large rectifiers employ water cooling, both for 
this purpose and to remove the energy lost in the arc. 

This type of cathode has the advantage of ruggedness and 
ability to provide high emission currents on demand. Practically 
the only limit to the current flow is the ability of the cooling 
system to dissipate the energy loss and to reduce the vapor pressure 
to maintain a reasonably high inverse voltage. This is in decided 
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contrast to the thermionic gas diode, with its need for careful 
temperature control and its delicate oxide-coated cathode unable 
to stand high overloads without disintegration. 

Arc Ignition, The chief disadvantage of the mercury arc is 
failure of the arc to start automatically when the plate voltage 
reaches the ionizing potential. Instead, the arc must be initiated 
by mechanically breaking a current-carrying contact with the 
mercury pool, or by using a pulse of current through a stationary 
ignitor. The mechanical system is used in mercury-arc rectifiers, 
and the stationary ignitor is employed in the ignitron discussed 
later in this chapter. 

Figure 5.17 shows a full-wave single-phase mercury-arc rectifier 
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Fig. 5.17. Single-phase full-wave mercury-arc rectifier with inductance filter. 
The wave forms show that the cathode current is continuous to maintain the 
cathode spot. 

to illustrate the principle of ignition and arc maintenance. When 
the supply power is applied, no arc starts until the ignition device 
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operates. In some cases this consists of a metal rod operated by 
an electromagnet and connected to an auxiliary source of voltage. 
The rod is first dipped into the mercury pool and then withdravm. 
When the contact breaks, local heating initiates a cathode spot 
and the emitted electrons immediately dravTi to a positive anode 
produce the ionization required to maintain the spot. In a half- 
wave rectifier, current would flow until the end of the positive half 
cycle and then the arc would go out. In a full-wave circuit with a 
series inductance, however, the arc can be maintained because the 
inductance demands a continuous current flow from the system, 
as shown by the wave forms of Fig. 5.17. The length of the current 
transition period during which the current flow changes from one 
anode to another has been exaggerated for clarity. This shows 
that for a brief time both anodes conduct, the cathode current is 
continuous, and the cathode spot is maintained. 

The problem in pol 3 q)hase rectifiers is simpler because at no time 
does the current ever reach zero, even without the assistance of a 
series inductor. It is possible, however, for the load current to 
drop to zero momentarily and extinguish the arc. This can be 
avoided by suppl 3 dng a small fixed load, or by using auxiliary ex- 
citation electrodes coimected to a low-voltage transformer to keep 
the power loss small. 

The ignition system indicated by Fig. 5.17 can be made auto- 
matic by using the load current to withhold the igniting rod. A 
two-winding solenoid operated by both the load current and the 
ignition current suspends the rod until such time as the load cur- 
rent drops to zero. When the rod drops into the pool, the current 
flow in the ignition circuit again withdraws the rod and initiates 
the cathode spot. If the arc is taken up by the main anodes, the 
rod is then withheld until the next time ignition is necessary. 
If not, the operation repeats until the arc does strike. 

Arc Back, One of the chief difficulties with mercury-arc recti- 
fiers is the tendency to arc back. By arc back is meant the flow 
of current from one anode to another or a reverse flow from anode 
to cathode. This problem arises with any gas tube because the 
presence of the gas permits a reverse-current dischai^e to take 
place whenever the peak inverse voltage exceeds the sparking po- 
tential, but in a mercury-arc rectifier the situation is complicated 
by the continuous presence of positive ions in the tank. Th^ 
positive ions may be attracted toward a negative anode to form 
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a cathode spot on it and permit reverse current flow. If, for 
instance, negative anode No. 2 of Fig. 5.17 should form a cathode 
spot, current flow between it and positive anode No. 1 would 
practically short-circuit the transformer. 

It has been found that the installation of baffles surroimding and 
separating the anodes decreases the frequency of arc backs to a 
low value. Unfortunately, this also increases the arc drop to 
20 volts or more instead of the 12 to 15 volts typical of an un- 
baffled arc. There is also the obvious disadvantage of having all 
the arcs in one basket; in case one portion of the rectifier needs 
repair, the whole circuit must be shut down. 


6.9 The Ignitron 


The ignitron is a mercury-arc tube in which a stationary ignition 
electrode starts the discharge at the beginning of each conduction 
cycle. This tube possesses all the efficiency and ruggedness of the 
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graphite anode, a mercury-pool cathode, and an ignitor. The 
pointed ignitor, about the size of a sharp pencil, consists of a 
highly refractory but conducting material such as silicon carbide. 
An insulated mount supports the ignitor with the point intersecting 
the mercury surface. A current pulse of about 20 amperes passed 
through the ignitor-mercury contact produces local heating and 
forms a cathode spot. The arc then immediately transfers to the 
positive anode, and ionization maintains the cathode spot for the 
remainder of the positive half cycle. At the beginning of each 
cycle a new ignitor-current pulse starts the arc. Pulse delay per- 
mits starting the ignitron at any point in the positive cycle to 
control the average value of the plate current. Although each 
tube requires aiixiliary equipment to provide the ignitor pulse, 
the other advantages outweigh the additional circuit complica- 
tions. 

Advantages, The ignitron possesses three main advantages over 
the mercury-arc rectifier: (1) each tube contains only one anode, 
thus reducing arc-back difficulties to a TYiininmim j (2) a separate 
tube is used for each diode in the circuit so that only^ ^ne element 
has to be replaced in case of failure, and (3) the length of the 
current pulse can be controlled by the igmtion circuit. With 
only one anode, the ionization dies down rapidly at the end of the 
conduction period and very little baffle is necessary to prevent 
arc back. This makes the tube drop as low as 12 volts — ^nearly 
as low as for the thermionic gas diode, yet without requiring the 
expenditure of external cathode heating power. 

Ignitron Rectifier, Figure 5.19 shows the circuit diagram for a 



Fig. 5.19. Single-phase full-wave ignitron rectifier with mercury-vapor diodes 
for providing the ignitor current. Ignitrons are ordinarily used in polyphase 
rectifiers. 

single-phase ignitron rectifier employing two mercury-vapor diodes 
to operate the ignitors. Let us suppose that tube 2 has been 
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conducting and that tube 1 is about to start. When the anode 
of tube 1 becomes positive, it cannot immediately conduct be- 
cause there is no cathode spot. Instead, conduction takes place 
through the parallel ignition circuit until the current has reached 
a sufficiently high value to cause ignition. At this moment the 
voltage across the ignitron equals the mercury-vapor tube drop 
plus the voltage drop in iJ and the ignitor. As soon as the ignitron 
fires, the total voltage drop decreases to the arc potential of the 
ignitron, which is about the same as for the mercury-vapor diode, 
and the current through the ignition circuit drops to practically 
zero. Of course this system is effective only with large rectifiers 
handling big load currents compared with the required ignitor 
current. 

Resistance welding is another important application of the con- 
trol and peak current capabilities of the ignitron. 

PROBLEMS 

6.1 A type OC3 voltage-regulator tube is connected into the circuit of 
Fig. 5.6 with an input voltage of 250 volts and a load drawing 50 ma. Com- 
pute (o) the value of R required to permit 
the tube to operate at 20 ma, and (6) for this 
value of R the maximum and minimum al- 
lowable input voltage to keep the glow tube 
within its rated limits of 5 to 40 ma. 

6.2 The circuit of Fig. 6.20 provides two 
regulated voltages from a single power sup- 
ply. Determine the maximum current that 
can be drawn by a load connected between 
the mid tap and the negative terminal without 
causing either glow tube to operate outside 
its rated current range. 

6.3 A type 2050 thyratron operates m the 
circuit of Fig. 5.15. (a) Draw accurately to 
scale the critical grid voltage line for a tube 
having the aver^ characteristics of Fig. 
5.12. (h) Compute the peak instantaneous 

anode current (tube drop is 8 volts), (c) Compute the average plate current 
for a bias adjusted to allow the tube to fire for one-quarter of a cycle. 

6.4 The thyratron circuit of Prob. 5.3 operates with an alternating grid 
voltage of 5 volts effective lagging the plate supply by 60 deg. Graphically 


2500 ohms 



supply. 



CHAPTER 6 


PHOTOSENSITIVE DEVICES 

Photosensitive devices can be divided into three classes: 
(1) photoemissive tubes which depend on the emission of electrons 
from a photocathode, (2) photovoltaic cells which produce a small 
generated voltage when exposed to light, and (3) photoconductive 
cells which change resistance when illuminated. Photoconductive 
cells have not been developed commercially to the same extent 
as the photoemissive and photovoltaic types. 

6.1 Photometric Terminology 

Before discussing the characteristics of the various types of 
photosensitive devices, it is well to review some of the photometric 
terms employed. These are given in English units because com- 
mercial phototubes are rated in this system. 

Int^rnaUoTial Candle. The unit of luminous intensity is the 
standard candle consisting of a certain type of lamp operated 
under standard conditions. One uniform standard candle emits 
4^r lumens. 

Luminous Flux. Luminous flux refers to the rate of flow of 
radiant energy evaluated with respect to its visjt 3 j,..^OTgatii^^ 
Thus a microwatt of ultraviolet radiation represente no luminous 
flux, whereas the same energy in the visible spectrum does. 

Lumen. The lumen is the unit of luminous flux. It equals the 
flux emitted in unit solid angle from a uniform source of 1 inter- 
national candle. It has the dimensions of energy per unit time 
or power. For tubes operating in the infrared or ultraviolet region 
the lumen has no particular significance, and the ratings are often 
based on microwatts of incident energy. For a given frequency 
this is proportional to the number of photons per second. 

Foot-candle. The standard of illumination is the foot-candle, 
which is the illumination on a surface placed 1 foot from a standard 
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candle. In general, the illumination is defined as the density of 
the luminous flux incident at that point. For a uniformly illumi- 
nated surface this means that 

Foot-caadles = ( 6 . 1 ) 

square feet ^ 

This has the dimensions of power per unit area and is proportional 

to the number of photons per second per unit area. 

6.2 Photoemissive Tubes 

A photoemissive tube consists of an anode and a photosensitive 
cathode enclosed in a transparent envelope. Figure 6.1 shows a 

typical construction; the cathode is 
large to intercept the incident light, 
and the anode is small — often only a 
thin wire. The tube may be highly 
evacuated, or it may be gas-fiUed to 
increase the sensitivity. Photons strik- 
ing the cathode liberate photoelectrons 
which are attracted by the positive 
anode. Depending upon the character- 
istics of the cathode, 1 lumen may pro- 
duce an emission current of between 
10 and 50 microamperes. 

Spectral Sensitivity, The spectral 
sensitivity of the tube can be con- 
trolled by the processing of the cath- 
ode surface. One common type of 
cathode consists of oxidized silver coated with a monatomic layer 
of cesium. This surface possesses a very low work functio n and 
provides relatively large emission current s. Figure 6.2 shows sev- 
eral standard types of spectral sensitivity characteristics useful 
for different applications. The jSi curve provides high sensitivity 
to tungsten light, which is strong in red and infrared radiations. 
The Sz surface is sensitive in the visible region with especially high 
sensitivity m the blue and near ultraviolet. The ultraviolet sensi- 
tivity in these tubes is limited by the transmission of the glass 
envelope. The Se curve is obtained by combining an ultraviolet 
sensitive cathode with a special envelope having an extremely thin 
window to admit the light. Such a tube is used for the laboratory 
measurement of ultraviolet radiation. 


-Anode 


—Photocathode 



^ 61 ess press to 
support elements 

Pig. 6.1. The internal con- 
struction of a photoemissive 
tube. 
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Wavelength - Angstrom units 


Fig. 6.2. Standard spectral sensitivity characteristics for several different 



Fig. 6.3. Average plate characteristics for a tyx)e 929 vacuum phototube. 


Vacuum Phototube. The electrical behavior of a vacuum photo- 
tube can be shown by a family of characteristic curves like those 
of Fig. 6.3. Each of the curves for a constant value of light input 
was obtained by varying the plate-supply voltage and taking 
simultaneous readings of voltage and current. The tiny currents 
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produce so little space charge that each curv^e rises rapidly to the 
saturation point and then levels off. In the saturated region, 
where aU the photoelectrons reach the anode, the current is ac- 
curately proportional to the number of photons arriving per second 
and thus also proportional to the incident lumens. This linearity 
is maintained for all light intensities up to the point where the 
intensity of radiation is sufficient to damage or change the proper- 
ties of the cathode. Most phototubes should not be exposed to 
illumination levels exceeding several hundred foot-candles even 
when disconnected from any circuit. Artificial lighting seldom 
reaches these values, but strong daylight or direct sunlight may 
injure the cathode. 

Although the phototube currents are too small to operate a 
normal relay, it is possible to obtain relatively large voltage drops 
by passing the current through a high resistance. Figure 6.4 


h 



Pig. 6.4. A phototube circuit which produces a voltage drop m Rjj propor- 
tional to the light intensity. 

shows such a basic phototube circuit with a supply battery Ehb 
for maintaining the anode positive and resistor Rl across which 
the voltage drop is produced. This voltage drop, in turn, operates 
a vacuum-tube amplifier or th 3 n:atron control circuit. 

The voltage drop across the phototube equals the supply voltage 
minus the drop in resistor Rl- Expressed mathematically, 

Bb = Ebb *“ ibRh (fi-2) 

This is the equation of a lo ad line draw njn^exactly_the fashion 

as for the vacuum triode. Figure 6.3 shows several such lines. 
Although they all represent rather high resistances, they are not 
too high for use in the grid circuit of a vacuum tube or a shield- 
grid thyratron. With a 10-megohm resistor, for example, an in- 
crease of light flux amounting to 0.1 lumen will produce a 45-volt 
change acrc^ Rl- To produce a 5-volt change sufficient to control 
the grid of a type 2050 th 3 n:atron (Fig. 5,12) requires an inumina- 
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tion change of only 0.011 lumen. This corresponds to a change 
of 1.6 foot-candles on a cathode having an effective area of 1 square 
inch. 

At high light intensities, where the load-line intersections expend 
into the curved region of Fig. 6.3, the voltage changes become 
nonlinear. If linearity is important, the load resistance must be 
low enough to avoid this possibility. 

The operation of a vacuum phototube is practically instantane- 
ous because of the extremely short electron transit time and low 
anode-cathode capacitance. This is not true of the other types of 
photoelectric devices, and their field of use is correspondin^y 
limited. 


Gas-filled Phototube, The phototube sensitivity can be increased 
by filling the envelope with a low-pressure inert gas to take ad- 



vantage of the current amplification produced by the ionizing elec- 
tron avalanches of the Townsend discharge. Figure 6.5 diows 
characteristic curves for this type of tube. Each curve shows the 
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typical level region followed by a rising portion indicative of 
ionization by collisions between electrons and gas atoms. At high 
applied voltages the current rises rapidly, and the discharge may 
pass over into the glow form. For this reason the applied voltage 
must be carefully limited to the rated value, usually about 100 
volts. 

Inspection of the curves shows the intercepts on the load line 
to be nonuniform, but the current changes are so much larger 
than vith a vacuum tube that a given output voltage change can 
be obtained vdth either a lower load resistor or with smaller 
illumination changes. For off-on relay service, linearity is of little 
importance anyway. 

At low light levels, where operation takes place near the bottom 
end of the load line, the linearity is not bad because the phototube 
drop is little changed by load-line excursions and the effective 
amplification of the photoemission by ionization is practically in- 
dependent of the current. This increase is called gas amplification, 
and the ratio between the initial photoemission and the final anode 
current is called the gas-amplijlcation factor. Figure 6.5 indicates 
how this factor can be determined from the curves. Height B 
is taken from the level portion of the lowest characteristic curve 
and measures the original photoemission at a voltage too low to 
produce any ionization. Height A, measured on the actual curve 
for the voltage at which the gas amplification is desired, represents 
the photoemitted current plus the additional ionization current. 
The gas amplification is defined as the ratio A/B — ^about 5 for 
the example shown. At low light levels a gas phototube acts 
about like the corresponding vacuum tube, with all the current 
values multiplied by the gas-amplification factor. 

The gas-filled phototube is slightly slower in action than the 
vacuum type because of the relatively low velocities of the positive 
ions. This makes its dynamic response to rapidly varying light 
intensities less than its static response to a steady light source. 
Up to a frequency of 10,000 cycles per second the difference is 
not important, and gas phototube are often used in the reproduc- 
tion of soimd on film. 

6.3 Photovoltaic Cells 

A photovoltaic device is one that directly converts radiant energy 
into electrical form. It not only provides a^urrent proportional 
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to the illumination, but it also produces a &iall electromotive 
force capable of forcing this current through a low-resistance cir- 
cuit. In this respect it is essentially different from the photoemis- 
sive cell, which requires a source of voltage to attract the emitted 
electrons. Photovoltaic cells also have the advantage of providing 
current of the order of a hundred microamperes; this is sufficient 
to operate directly a sensitive meter or relay without intervening 
amplification. 

Commercially available photovoltaic cells are either of the cop- 
per-oxide or selenium barrier-layer type, closely related in con- 
struction and theory to the didk rectifier discussed in Chap. 2. 
To illustrate the operation of such a cell, let us consider a simple 
copper-oxide photocell as shown by Fig. 6.6. In many respects 

Incident light 

t ) t 

Conductmg 
transludent 
Copper layerv. 
oxide^ — 



copper-oxide 

Ixxmdary 

Fig. 6.6. Section throng a copper-oxide photovoltaic cell. Compare this 
diagram with that of Fig. 2.10 showing a copper-oxide contact rectifier. 

this cell is similar to the copper-oxide disk rectifier of Fig. 2.10, 
except that the front contact is made by a translucent conductmg 
coating instead of a lead washer. This coating may be a thin 
sputtered metal layer, a transparent conducting lacquer, or a fine 
metallic grid in contact with the surface. The resulting sandwich 
is a barrier-layer rectifier in which the forward direction of con- 
ventional current flow is from the oxide to the copper, as discussed 
in Chap. 2. In the illustration the thickness of the various layers 
is greatly exaggerated. 

When light shines on the cell, it penetrates the translucent 
front surface and the photons release electrons in the copper- 
oxide layer. As in the photoemissive tube, the number of photo- 
electrons produced per second is directly proportional to the light 
intensity. Furthermore, these photoelectrons are given kinetic 
energy by the photons; if the cell is connected to an external cir- 
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cuit, the electrons may be able to continue their motion and pro- 
duce a current. Since the directions of the photoelectron velocities 
are random, current might be expected to flow equally in either 
direction with zero net effect. However, the cell is a rectifier, and 
its resistance to flow one way is greater than in the reverse direc- 
tion; so it is not surprising to find that the majority of the electron 
flow is in one direction, and a meter connected to the cell registers 
a current. The disturbing fact is that the actual flow is opposite 
to the normal current direction when used as a rectifier. This is 
dijEcult to explain; in fact the whole theory of the barrier-layer 
interface is not well understood. 

The photovoltaic ceU of Fig. 6.6 is called a back-effect cell because 
the barrier is at the back of the oxide coating. By suitable process- 
ing a barrier layer can be built up between the translucent front 
layer and the oxide. In this case both the rectifying properties 
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Fig. 6.7. Load-current curves for a Weston Photronic type of photovoltaic 
cell. 

and the direction of the photoelectric current are reversed. This 
is called a frordreffect cell; the ability to produce this type of cell 
testifies to the original random direction of motion of the photo- 
dectrons. 

Cells can also be constructed uang iron and selenium, and iron 
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and iron selenide. Their construction and general properties are 
similar to those of the copper-oxide cell. 

Characteristic Curves. Photovoltaic cells are surprisingly efl5.cient, 
and they provide currents many times larger than do photoemis- 
sive cells. Figure 6.7 shows the characteristic curves for a Weston 
Photronic cell of the iron-selenide type. These curves show the 
cell current as a function of the illumination for various values of 
external load resistance. For very low load resistance (usually 
the indicating meter itself) the current is accurately proportional 
to the illumination, as might be anticipated from the fact that the 
number of photoelectrons produced is proportional to the illumina- 
tion. With a larger load resistance the linearity is not good and 
the curv^e is flatter at the higher light intensities, although at low 
intensities the current is independent of the external resistance. 
This suggests that the cell produces a current proportional to the 
light intensity but that the fraction of the electrons that can con- 
tinue around the circuit depends upon the countervoltage developed 
across the load resistance. This is reasonable because the photo- 
electrons probably have a range of velocities — ^the voltage drop 
in the load resistance stops the slower ones. 

Although the Photronic cell produces relatively large currents, 
the' voltage output is very small. Figure 6.8 shows the open- 
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Pig. 6.8. A curve showing the open-circuit voltage generated by a Weston 
Photronic cell. 
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circuit generated voltage as a function of the illumination. This 
voltage was measured without drawing any current from the cell 
and represents the condition that might obtain if the ceU were 
used to operate the grid of a vacuum tube. The curve shows that 
the voltage-current relationship is not linear and that t^_vpltage 
changes are tiny compared with those obtained with the photo- 
emissive tube circuit of Fig. 6.4. T herefore a photovoltaic cell is 
not particularly useful for operating a vacuum-tube amplifier or 
a thyratron control circuit. 

The spectral sensitivity of the photovoltaic cell is similar to 
that of photoemissive tubes, and it is well suited to the measure- 
ment of visible light. Figure 6.9 shows the relative sensitivity 



Fig. 6.9. A comparison of the relative spectral sensitivities of the human 
eye and the Photronic cell. 


of the Photronic cell to light of different wavelengths as compared 
with the visibility curve of the human eye. With a greenish filter 
over the cell, the sensitivity curve can be altered to correspond 
exactly with that of the eye. This is necessary when the cell 
must accurately measure the visual effect of a light source. 

Field of Use, Photovoltaic cells are perfectly suited for portable 
equipment to measure illumination. No batteries or amplifier are 
required, and the generated current is suJficient to operate a 
reasonably rugged meter. The common photographic exposure 
meter is an example of this application. These usually sacrifice 
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accuracy in the interest of compactness and portability. Better 
cells and meters are available for the accurate measurement of 
illumination level. 

A photovoltaic cell can also operate an especially sensitive relay 
designed for this purpose. A relay of this type is rather delicate, 
and the contacts cannot handle much current; so it is often better 
to use a photoemissive tube controlling a thyratron. 

A photovoltaic cell cannot be used for applications involving 
the observation of rapidly varying light intensities, such as the 
reproduction of soimd on film. The sandwich construction with 
the two conducting electrodes separated by a thin film of poor 
conductivity produces a high internal capacitance that electrically 
shunts the output terminals. This causes the output to drop 
seriously for alternating light frequencies above about 100 cycles 
per second. J‘or relay operation and illumination level measure- 
ments, this deficiency is unimportant. 

6.4 Photoconductive Cells 

A photoconductive device is one which changes its resistance in 
response to illumination. Selenium exhibits this property, and 
cells have been constructed that show considerable change in 
resistance when exposed to light. Such a cell must be used with 
an external source of voltage to produce either a voltage drop for 
amplification, or a current change to operate a meter or relay. 
They have not yet been developed commercially to any extent, but 
there is a future possibility that photoconductive cells may be 
capable of competing with the other classes of photosensitive 
devices. 

PROBLEMS 

6.1 Plot dynamic characteristic curves of plate current against lumens 
for a type 929 photocell for both load lines shown on Fig. 6.3. 

The projected cathode area of a type 929 photocell is a rectangle % 
by to* The cell operates in the circuit of Fig. 6.4 with jE» = 100 volts 
and Rl = 5 megohms for the purpose of controlling a thyratron grid. If a 
3-volt change is enough to control the thyratron, what is the Triinimum illumi- 
nation change (in foot-candles) that can be observed by the circuit? 

6.3 Repeat Prob. 6.1 for a type 930 gas-filled phototube. 

dJ) Repeat Prob. 6.2 for a type 930 gas-filled phototube- This tube has 
the same cathode construction as the type 929 tube. 

6.6 A sensitive relay designed for operation with photovoltaic cells has a 
resistance of 200 ohms and closes with a current of 150 /Jia.. Determine ihe 
required li^t flux to close the relay with the cell of Mg. 6.7. 
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6.6 Compute and plot a curve showing the spectral transmission charac- 
teristic of a filter designed to make the response of a photronic cell fit that of 
a human eye. Assume that the filter transmits 90 percent of the incident 
light at a wavelength of 5,500 A. 

6.7 A photovoltaic cell having the characteristics of Fig. 6.7 operates a 
500-ohm meter with a full-scale reading of 100 jua. At what distance should 
the cell be placed from a 100-cp lamp in order to produce full-scale deflection 
of the meter? 



CHAPTER 7 


ELECTRONIC CONTROL CIRCUITS 

The purpose of this chapter is to discuss a few elementary t>i>es 
of electronic control circuits, to suggest the possibilities of such 
circuits, and to provide exercise in understanding how they operate. 
The control possibilities of electronic and electromechanical equip- 
ments seem to be unlimited; they measure time, coimt operations, 
observe color, brilliance, and position, perform mathematical op- 
erations, control speed, remember selected facts, and open doors 
at our approach. However, an electronic circuit may not neces- 
sarily do the best or the simplest Job. It is not always true that 
‘'You can do it better with tubes.’’ Mechanical elements may be 
simpler and more reliable, and many control circidts involve both 
electrical and mechanical parts. 

7.1 The Relay 

One of the simplest electromechanical devices is the relay shown 
by the conventional diagrams of Fig. 7.1. The relay consists of an 
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Fig. 7.1. Conventional representation for several basic relay types. 

iron core wound with a number of turns of wire. Current flowing 
through this coil attracts the iron armature a and moves a number 
of electrical contactors. A restoring spring returns the armature 
to its normal position when the current is turned off. The diagram 
shows all the relays in the normal, or nonenei^zed, position. 
Figure 7.1a shows a type of relay that closes or “makes” the 
contact when energized. Diagram b illustrates the type that 
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breaks the circuit when energized, and c shows one that amounts 
to a single-pole double-throw switch. The majority of simple 
relays are like c and can be used for make, break, or switching 
service. More complex relays can be obtained with almost any 
multiple combination of contacts intended for some specific pur- 
pose. Remote-control motor starters, dial-telephone systems, and 
circuit breakers are all examples of relay systems designed for 
specific purposes. 

Relays are made in a wide variety of sizes and contact current 
ratings. Some of the most sensitive will close with an energizing 
current of a hundred microamperes or less. These are built like 
sensitive D’Arsonval meters, but with the pointer replaced by an 
arm carrying contacts capable of handling small currents. Larger, 
more rugged relays designed for currents of a few miUiamperes have 
contacts that can safely carry an ampere or more. These relays 
usually have a fairly high resistance and are designed for use in 
the plate circuits of small receiving-type vacuum tubes and small 
thjrratrons. Still larger relays, that close with control currents 
of 0.1 ampere or more, carry sufficiently heavy contacts to handle 
considerable power — enough to start a motor, perhaps. 

The sensitivity of a relay is determined by the number of ampere 
turns carried by the cod rather than by the current alone. Conse- 
quently, a high-resistance coil of many turns of fine wire carrying 
10 miUiamperes is just as effective as a low-resistance coil with 
one-tenth the number of turns and carrying 100 miUiamperes. 

7.2 Thyratron Relay Circuit 

One simple and useful circuit is the thyratron relay of Fig. 7.2. 
The purpose of this circuit is to control the flow of considerable 
power by means of a delicate contact that is itself incapable of 
handling appreciable current. The contact might be a fine wire 
feeler observing the deflection of a sample in a testing machine, or 
it could be a tiny wire insert in the column of a mercury thermome- 
ter to close the circuit at a definite temperature. Such tiny con- 
tacts usually make and break very slowly, and the contact re- 
sistance when closed is often variable and not particularly low. 

Resistors 7Ei and iZs of the circuit are chosen to provide the 
proper heater current and to establish the cathode at some po- 
tential intermediate between the two terminals of the a-c supply 
voltage. The voltage shown on the diagram are representative. 
The same result can be obtained by providing proper transformer 
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taps and using a separate winding for the heater, but the circuit 
shown has the advantage of simplicity, although it wastes some 
power in Ri and R 2 . 

During the positive half cycle of Ci the grid-circuit voltage €i 
stays below the critical firing potential so that no conduction takes 



Fig. 7.2. Thyratron relay circuit. Closing the sensitive contact controls the 
main relay. 

place. The grid current is also zero and the presence of the two 
1-megohm resistors does not affect the grid voltage. During the 
next half cycle the plate is negative so that no plate current can 
flow. Grid current will flow because 62 is positive, but it is limited 
to a very small value by the grid circuit resistance. 

Closing the contact connects the grid directly to the cathode 
through a 1-megohm resistor. The grid is then no longer forced 
negative when ei is positive, and the tube conducts for full half 
cycles. This energizes the relay to perform whatever operation is 
desired. For a temperature-control circuit, closing of a mercury- 
column ^contact might operate the relay to open the electrical 
heating circuit producing the controlled temperature. 

With S closed a small current flows through it equal in value to 
voltage E 2 divided by the 1-megohm resistor — ^in this case 10 mi- 
croamperes. This can be reduced by increasing the circuit re- 
sistance to the limit allowed for the particular thyratron and by 
reducing voltage E 2 to the minimum necessary for control. 

Resistor R plus the relay resistance must be sufficient to limit 
the thyratron plate current to the rated value, yet sufficient to 



110 


ELECTRONICS IN ENGINEERING 


operate the relay. Since the plate current is in the form of pulses, 
the relay may tend to chatter if it is improperly designed. Con- 
denser C across the relay can be used to smooth the relay current. 

7.3 Photoelectric Control Circuit 

The photoelectric control circuit of Fig. 7.3 is an adaptation of 
the circuit of Fig. 7.2, with the phototube taking the place of the 



Fig, 7.3. Photoelectric control circuit. Darkness energizes the relay, and 
light releases it. 

contactor S. For variety, a tapped transformer is shown; there 
must also be a low-voltage winding for heating the cathode. At a 
moment when the plate voltage is positive with respect to the 
cathode, the voltage es applied to the photocell circuit is negative. 
As long as light reaches the cell, it can conduct through Rg to 
bias the grid below the critical voltage and prevent firing. During 
the reverse half cycle the phototube circuit is inoperative, but the 
n^ttive plate voltage applied to the thyratron prevents con- 
ducticm. 

Interruption of the light beam drops the phototube current to 
a low v^ue, and the lack of negative grid bias permits thyratron 
plate current to flow ^ch positive half cycle. This closes the 
relay. Of course there is a critical value of light flux at which the 
phototube current produces a voltage wave eg that just intersects 
the critical grid voltage line at its n^ative peak. Under this 
condition the tube will fire for one-quarter cycle and provide just 
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one-half the average current produced by full-cycle operation. 
By choosing the relay to close with this smaller current, the action 
of the circuit can be kept positive under all conditions. Light 
intensities higher than critical value will produce no action, and 
those below this value will definitely operate the relay. 

This type of circiiit is used in the familiar photoelectrically 
operated doors that open when a beam of light is broken by the 
person about to enter, and it can be used to count or eject articles 
moving on a conveyer belt. 

For some applications it may be more convenient to reverse the 
process and have the relay energized by light and released during 
dark periods. This can be done by reversing the phototube and 
the polarity of the phototube voltage, as suggested by Fig. 7.4. 



Fig. 7.4. This circuit performs m opposite fashion to that of Fig. 7.3. Here 
application of light energizes the relay. 

7.4 Thyratron Time Delay 

Figure 7.5 shows a simple and convenient circuit for producing 
an adjustable time delay. Closing switch S initiates the action, 



r 


Fig. 7.5. Thyratron time-delay circuit. The relay closes a definite time after 
switch S is closed. 
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and after a predetermined time delay, the relaj" closes. The delay 
period is controlled by the R and C of the circuit; R is often an 
adjustable rheostat with a dial calibrated in delay time. One 
application of this circuit is on spot-welding machines, where a 
number of separate timers control the sequence of pressure, weld- 
ing current, forging pressure, and release operations. All the de- 
lay timers are set into action simultaneously, with different delay 
settings to control the time sequence of the 
process. 

The operation of this circuit depends on 
the exponential discharge of an R-C combi- 
nation to produce the delay. With switch S 
open, the grid circuit is similar to a half- 
wave rectifier with smoothing condenser, as 
suggested by Fig. 7.6. This produces a 
smooth rectified voltage Cs approximately 
equal to the peak value of e^, as shown in 
Fig. 7.7. The total grid-cathode voltage equals 
e% plus cs, which is much more negative than the critical grid po- 
tential during the positive half-cycle of the plate-voltage wave. 



0^2 OJ 


Fig. 7.6. With switch 
S open, the grid cir- 
cuit of Fig. 7.5 be- 
comes a half-wave 
rectifier v^dth smooth- 
ing capacitor. 



Fig. 7.7. Wave forms of Fig. 7.5 with switch S open. The grid circuit con- 
ducts to rechaige C during the time that the plate voltage is negative. 

Therefore the thyratron does not conduct, and the relay remains 
open. Rq serves to limit the size of the grid-current pulses. 
Closing S removes voltage from the grid circuit, condenser C 
is no longer recharged each cycle, and ez decreases exponentially 
with time imtil the n^ative bias is no longer sufficient to keep 
the thyratron from firing. Figure 7.8 shows this gradual decay 
until the line representing ez finally intersects the critical grid 
volt«^e line at some particular cycle and the tube fires for a 
portion of a half cycle. During this first firing period the positive 
ion flow to the grid dischai^es C through Rg. This rapidly reduces 
the native bias, and the thyratron fires for practically complete 
half cycles thereafter. 
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The delay time is proportional to the R-C product or time con- 
stant of the grid circuit. For Fig. 7.5 the R-C product is 0. 1 second, 
and the delay obtained for the voltages given is about 0.2 second. 
By making R or C variable, the delay can be adjusted over a wide 



Pig. 7.8. Wave forms showing the operation of the thyratron delay timer. 
The heavy line shows the gradual voltage decay across C until it can no 
longer prevent thyratron conduction. 

range up to a number of minutes if desired. For short delays the 
accuracy suffers from the fact that the control is not sufficiently 
^‘fine-grained” because the permissible delay times differ by dis- 
crete jumps from one cycle to the next and the period cannot be 
set closer than the nearest one-sixtieth of a second. 

7.6 Thyratron Phase Control 

Phase-shift control of thyratron conduction is useful in any 
number of applications where it is desired to produce a controllable 
rectified current. Figure 7.9 shows the phase-shift principle by 
which the thyratron firing point is controlled by adjusting the 
'phase of an alternating grid voltage instead of varying its ampli-^ 
tude. Phase adjustment of the grid voltage permits moving the 
point of intersection with the critical grid voltage anywhere within 
the conducting half cycle and gives complete control over the 
average plate current /&. This arrangement also mak^ the inter- 
section of the grid-voltage curve with the critical voltage line less 
acute than is obtained with the amplitude control of Fig. 5.16 
and therefore less affected by variations in the firing characteristic. 
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Fig. 7.9. Wave forms showing the effect of various amounts of phase shift 
on the average plate current of a thyratron. 

Since the firing characteristics of thyratrons are none too repro- 
ducible, this is a considerable advantage. 

After graphically determining the firing point for various values 
of phase shift, the average value of plate current as a function of 
angle 6 can be computed. This gives a curve of the form of 
Kg. 7.10. 


■s 


0 90 ® 180 ® 

Phase-shift angle - $ 

Fig. 7.10. Hik curve shows the effect of grid-voltage phase shift on the av- 
erage thyratron plate current. 
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Phase-shifting Network. A simple phase-shifting network capa- 
ble of pro\dding a constant output voltage of variable phase posi- 
tion is shown by Fig. 7.11. A center-tapped transformer provides 



Fig. 7.11. Single-phase phase-shifting network. The vector diagram shows 
the effect of R and C on the output voltage 

two equal voltages Ei and E[. Connected in series across the 
transformer are a resistor R and capacitor C, both of which may 
be adjustable for controUing the phase of the output voltage E^. 
It is assumed that no appreciable current will be drawn by the 
circuit utilizing the output voltage Bo. 

The vector diagram is drawn with the total transformer voltage 
El plus E{ as the horizontal reference vector. Because of C, the 
current I must lead this voltage by an amount depending on the 
relative values of R and capacitive reactance Xc. A typical case 
is shown. Voltage Er must be in phase with this current, as shown, 
and voltage Ec must lag by just 90 degrees. Also the sum of Er 
and Ec must equal the total transformer voltage. Therefore vec- 
tors Er, Ec, and the total transformer voltage form a right triangle, 
as indicated by the diagram. For other values of R and X« the 
current I would lead the reference by a different amount, and Er 
and Ec would form a different right triangle having a hypotenuse 
equal to Ei plus E^. Since all triangles inscribed in a semicircle 
are right triangles, it follows that the locus of point P is a semi- 
circle with the center located at the tip of vector Ei. 

Referring to the circuit diagram, we see that the output voltage 
is 

Eq — Bj — Er 

This corresponds to reversing the direction of the Er vector and 
adding it to Ei, giving a vector Eo as shown. Since Bo extends to 
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point P, the dotted semicircle is also the locus of Eo- Conse- 
quently, varying the values of R and Xe changes the phase angle 6 
without affecting the magnitude of Eo. 

Angle 6 can easily be computed in terms of R and Xc- From 
the vector diagram, 

^ Er IR _R 

" Fc " IXc Xc 

. - 1 ^ 
a = tan ^ ^ 

Ac 

Phase angle 6 is equal to just twice angle a. Therefore, 

e = 2 tan-i Y (7.1) 

Figure 7.12 show's the phase-shift network applied to the basic 
thyratron circuit for plate-current control. There are, of course, 



Fig. 7.12. An application of the phase-shifting network of Fig. 7.11 to a 
thyratron control circuit. 

many other ways of producing a phase shift. With three-phase 
power the problem is simpler. 

7*6 Thyratron Welder 

Another common application of thyratrons and ignitrons is in 
resistance-welding apparatus. Thyratrons or thyratron-controUed 
ignitrons permit better control of timing and welding current than 
is possible with mechanical contactors, and they are less noisy. 
Their use is almost required for the welding of aluminum alloys 
because careful control of timing and welding temperature is 
necessary to produce uniformly strong welds. 

The resistance-welding process consists of clamping together 
the two pieces of material to be welded and passing a sufficiently 
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heavy current through the contact to heat it to welding tempera- 
ture. The combination of pressure and softening of the metal 
accomplishes the union. Speed is desirable to save time and to 
reduce the formation of interfering oxides. Sometimes the pieces 
to be joined are passed through the welder much like cloth through 
a sewing machine. After each weld the pressure is released, the 
material is stepped forward, pressure is reapplied, and a weld is 
made. Another system uses revolving pressure wheels and closely 
spaced welding pulses to produce a continuous seam. 

Figure 7.13 shows the basic elements of a th 3 nratron-controlled 



Fig. 7.13. Thyratron resistance welder with timing and phase-shift controls 
to control the duration and magnitude of the welding current, 

resistance-welding system. The welding transformer is a high- 
ratio step-down transformer to provide large welding currents at 
low voltage. Transformer T is theoretically not necessary, but it 
permits the welding circuit to operate at higher current values 
than the thyratrons can cany directly. If, for instance, the lower 
winding of T has twice as many turns as the primary, the current 
in the thyratron circuit will be only half the line current. How- 
ever, the alternating voltage impressed on the thyratrons will be 
twice the line voltage. 

The two thyratrons are connected across the secondary of T 
in a ^‘back-to-back” fashion. The alternating grid voltages are 
also connected to the two tubes in the opposite sense so that the 
two circuits are completely reversed in polarity in every respect. 
Positive-control thyratrons are employed for this particular cir- 
cuit; the critical grid-voltage curve is in the poative r^on, and 
no conduction takes place without grid excitation. 




118 


ELECTRONICS IN ENGINEERING 


The impedance presented to the welding circuit by the primary 
of transformer T depends on the load connected to its secondaiy. 
With the secondary open-circuited the only primary current flow- 
ing is the exciting current required for the transformer core; this 
is so small as to be negligible. If a short circuit is placed across 
the secondaiy, however, the impedance presented by the primary 
drops to a very low value and the welding transformer is effectively 
connected directly to the a-c line. 

As long as the thyratrons are without excitation, they do not 
conduct and they appear as an open circuit to T. This practically 
diseoimects the welding transformer from the line. When the 
timer applies grid excitation, each th 3 nratron can fire for periods 
up to a full half cycle, depending on the phase-shift setting. With 
aero phase shift each tube fires for a full half cycle, and since they 
are connected with opposite polarity, they fire cdternate half cycles. 
Tube 1 fires when the right-hand terminal of T is positive, and 
tube 2 conducts on the opposite polarity. The net effect is the 
same as though T were continuously shorted, and an approxi- 
mately sinusoidal current flows through both its primary and 

Tube Tube Tube Tube 



Fig. 7.14. Wave forms showing the effect of phase shift on the welding cur- 
rent produced by the circuit of Fig. 7.13. 

secondary. Figure 7.14a shows this current and the contribution 
of each tube to it. 

By shifting the phase of the grid voltage, the firing can be de- 
layed to make each thyratron pass current less than half a cycle. 
The effective welding current is then reduced, as suggested by 
Fig. 7.145. Phase shift thus gives a smooth control of the welding 
current from maximum to zero, and the timer permits selection 
of the number of cycles that current is allowed to flow in the weld. 

Heavy-duty welders often employ ignitrons instead of thyra- 
trons. The ignitrons are connected in a back-to-back circuit 
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without transformer T, and their firing is controlled by a pair of 
thyratrons or some other type of pulsing circuit. 

7.7 Saw-tooth Generator 


An interesting application of the thyratron is in circuits for the 
generation of saw-tooth wave forms. This wave form is used in 
cathode-ray oscillographs to move the 


spot repeatedly across the screen at a 
known rate. Figure 7.16 shows the 
circuit to be analyzed. The thyratron 
is a small one designed for this service. 


Fig. 7.15. A saw-tooth wave 
form. 


Both R and C are adjustable to control the saw-tooth frequency, 
and is provided by the supply rectifier. 


For any given grid-bias voltage, there is a critical plate potential 



Fig. 7.16. Thyratron saw-tooth generator. This circuit is used in the majority 
of simple cathode-ray oscilloscopes to provide the horizontal deflecting voltage. 


above which the thyratron wiU fire. This is shown by a horizontal 
line through point a on the diagram of Fig. 7.17. When the 




Gritkal i^ate voltage 



Thne 


Fig. 7.17. This illustrates the generation of an approximately linear saw- 
tooth wave by the circuit of Fig. 7.16. 

voltage Ew is first applied, the thyratron is nonconducting and has 
no effect on the circuit. The current flow through R is spent in 
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charging C, and the voltage across it rises toward Ehb along the 
exponential curve. When the voltage reaches point a, the thyra- 
tron fires and practically short-circuits the condenser. This 
rapidly lowers the voltage to the normal tube drop indicated by 
point b on the lower line. 

As soon as the condenser has discharged through the tube, it 
no longer contributes any current and the only path is through 
resistor R, With R sufficiently large, this current can be kept so 
low that the grid regains control and the tube again becomes non- 
conducting. The capacitor then starts to recharge, and the process 
repeats itself. The wave form is not perfect because the rise is 
slightly curved, but the wave can be made sufficiently linear for 
most purposes by using a high value of Etb compared with the 
critical plate voltage. 


PROBLEMS 

7.1 The photoelectric control circuit of Fig. 7.3 operates with a t^’pe 930 
gas-filled phototube and a t\pe 2050 thjTatron. Resistance Rg equals 1 meg- 
ohm, and the incident light is 0.04 lumen. The effective alternating voltages 
are Ei « 100 volts, and F 2 = 50 volts, (a) Plot the wave form of the voltage 
developed across Rg. (6) Determine if the incident light is enough to prevent 
conduction of any type 2050 thyratron whose characteristics fall Tiithin the 
normal range. 

7.2 The circuit of Fig. 7.4 employs a type 2050 thyratron with 100 volts 
effective in the plate circuit. How large an alternating voltage must be intro- 
duced into the grid circuit to prevent thyratron conduction while the photo- 
tube is dark? 

7.3 The phase-shift network of Fig. 7.11 employs a l-jttf capacitor and a 
variable resistor. Compute the range that must be covered by the resistor 
to permit phase-angle adjustment between zero and 120 deg with a 60-cycle 
input frequency. 

7.4 (a) Derive the expression for the saw-tooth frequency of the circuit 

of Fig. 7.16 in terms of the tube drop Ed, the critical plate voltage Ek, Ebb, 
and the circuit constants. The charging voltage of a capacitor follows a 
curve similar to the discharge; e = E{1 — (6) Given Ebb = 300, 

Ed = 10, Ek = SO, and R = 1 megohm, compute the value of C required to 
produce a frequency of 1,000 cps. 



CHAPTER 8 


POLYPHASE RECTIFIERS 

The siNGLE-phase rectifiers discussed in Chap. 3 are commonly 
used for pro\dding small amoimts of d-c power, but large industrial 
rectifier units ordinarily operate from three-phase systems because 
(1) large amoimts of electrical power are most eflBlciently supplied 
by three-phase distribution, (2) pol 3 rphase rectifiers produce less 
ripple than do single-phase circuits, and (3) polyphase rectifiers 
employing gas tubes provide high efficiency and good voltage 
regulation. 

The importance of industrial polyphase rectifiers can be realized 
from the fact that a surprisingly large portion (perhaps 20 percent) 
of the total electrical energy developed in the United States passes 
through such rectifiers. The electrochemical and transportation 
industries account for a large share of this load, and the remainder 
represents applications such as in plants where the flexible control 
of d-c motors justifies the installation of rectifying equipment. 
Formerly, motor generators and rotary converters provided the 
conversion from alternating to direct power, but the efficiency, 
quietness, and serviceability of modem rectifiers has practically 
outmoded rotary equipment for most of these applications. 

In this chapter we shall first examine several basic rectifier cir- 
cuits and then discuss the details of filteinng, choice of rectifier 
tubes, etc. 

8.1 Three-phase Y Connection 

The three-phase Y-connected rectifier of Fig. 8.1 represents a 
logical extension of the full-wave single-phase rectifier discussed in 
Chap. 3. Three transformers (or a single three-phase transformer) 
provide equal three-phase secondary voltages to the three rectify- 
ing elements. In accordance with custom, windings of corre- 
^onding phase are shown parallel on the diagram, and the angle 
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of orientation indicates the relative phase position of the voltage 
developed by each winding. The circuit shows the thermionic 
gas diodes that would be used for a unit of relatively small power 
capacity; a larger installation might employ ignitrons. 

Because of the xinidirectional properties of the diodes, only the 



(a) Circuit diagram. Point n is taken as the 
reference point for all voltages. 



(b) Voltage wave forms. These neglect the effects 
of tube drop and transformer reactance. 

B*ig. 8.1. Circuit diagram and wave forms for a three-phase Y-connected 
rectifier. 

transformer secondary providing the highest instantaneous voltage 
can remain ctmnected to the load circuit, and the rectified output 
voltage follows along the tops of the individual voltage waves, as 
shown by Fig. 8.16. Actually, because of tube drop, the output 
voltage follows a path approximately 15 volts below the envelope 
shown, but this hardly shows on a diagram drawn for an output 
of several hundred volts. Also, the transformer reactance pre- 
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vents the instantaneous switching from one secondary to another 
required to obtain the output illustrated, and there is a brief 
transition period that slightly affects the wave shape. These 
details, of importance to a designer, assume little importance in 
our discussion. 

The output wave of Fig. 8.16 clearly shows the superiority of the 
three-phase circuit over the single-phase one in three respects: 
(1) the average output voltage is higher than for the equivalent 
single-phase circuit, (2) this higher output is obtained with a lower 
inverse peak voltage, and (3) the amount of ripple is less and it is 
of higher frequency. The advantage of higher output voltage is 
offset by the fact that each secondary and tube operates only one- 
third of the time. Even so, the effective transformer utilization 
is somewhat greater than for a single-phase circuit. For a 6- or 
12-phase circuit, however, the poor time utilization of a given tube 
and transformer secondary becomes a disadvantage. 

8.2 Double Y Connection 

Probably one of the most important polyphase rectifier circuits 
is the double Y connection, shown by Fig. 8.2. This circuit con- 
sists of two parallel-connected three-phase Y’s constructed from 
transformers with twin secondary windings. The Y abc utilizes 
one secondary of each phase, and the second Y a'6'c' employs 
the other three connected in opposite phase. Since the two circuits 
do not produce the same instantaneous output voltage, the two 
neutrals n and n' operate at an alternating difference of potential 
and cannot be directly connected together. This is the reason 
for the center-tapped interphase transformer shown on the dia- 
gram. However, the two identical Y-connected rectifiers do pro- 
duce the same aoerage output voltage, and there is no d-c difference 
of potential between the ends of the interphase transformer. 

The wave forms of Fig. 8.26 show the set of three-phase volt^es 
Co, e&, and Cc, and the second set c', c^, cj, which are in phase opposi- 
tion to the first group. For the purpose of analysis we shall first 
consider each half of the circuit alone. Thus each Y produces an 
output voltage with three humps per cycle, exactly like that 
shown for the Y circuit of Fig. 8.1. The wave forms also plainly 
show that the two Y circuits produce the same output voltage ex- 
cept with the humps displaced from one another so that one 
circuit reaches its peak when the other drops to the minimum 
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point. Since both circuits have a common positive terminal, this 
difference must appear between the two neutral points n and n' 
TOth an irregular wave form, shoT^-n by Fig. 8.2c. The interphase 
transformer connected to the two neutrals acts as a center-tapped 



(a) Circuit diagram. For ^plicity no ignitron firing circuits are shown 



voltage. Wave forms neglect effect of transformer reactance 



(c) Voltage appearing across the inter-phase reactor 

Fig. 8.2. The double Y connection. 

tran sf ormer with the voltage at center point o always midway 
between the two ends. Thus the net output voltage between 
point 0 and the common positive terminal stays exactly halfway 
between the two individual circuit output voltages. Figure 8.2Z) 
shows this average as a heavy line. 

Tbe adva ntages of this arrangement are fairly obviou s. (1) The 
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combined circuits provide an output with relatively small ripple 
and with a fundamental ripple frequency equal to six times the 
incoming line frequency. (2) Although the output is similar to 
that obtained with a six-phaSe circuit, each tube and transformer 
secondary operates a full one-tMrd of the time. (3) The trans- 
former primary utilization is better than that of a'^imple three- 
phase Y because each primary has two secondaries and operates 
two-thirds of the time. This statement is an oversimplification of 
the situation, but a complete analysis indicates the expected im- 
provement. 

8.3 Three-phase Bridge 

One of the most effective circuits from the standpoint of trans- 
former utilization is the three-phase bridge of Fig. 8.3. TVliile it 
does not look like any kind of familiar bridge circuit, the circuit 
arrangement is related to that of the single-phase bridge of Chap. 3. 
This can be seen by eliminating any vertical pair of rectifying ele- 
ments which reduces the circuit to that of the single-phase bridge. 

The chief disadvantage of the circuit is that only three of the 
rectifying elements have common cathodes. This rules out the 
use of a mercury-arc rectifier and complicates an ignitron firing 
circuit. Even with gas-filled or vacuum diodes the additional 
filament winding required to heat separate cathodes complicates 
matters somewhat, although this is not an extremely important 
consideration. For this reason, the circuit of Fig. 8.3 is shown 
with contact rectifiers to which it is admirably suited. 

A convenient method of analysis is to consider the bridge circuit 
as composed of two three-phase Y rectifiers. One of these consists 
of the transformer windings and the top three rectifying elements. 
These produce a positive voltage at point e, with respect to the 
neutral n, that follows the positive peaks of the three-phase volt- 
ages, as shown in part b of Fig. 8.3. The lower three rectifiers are 
connected in exactly the same fashion except for being reversed 
so that they can conduct only on the negative peaks of the secondary 
output voltages. Thus they form a Y-connected rectifier which 
produces a negative output voltage at point / that follows the 
negative peaks, as indicated on the same diagram. 

Of course we are not particularly interested in the voltage to 
neutral; the output voltage appearing between e and / is the one 
of interest. Figure 8.3c shows this output curve obtained from h 
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by taking the vertical distance between the two heavy curves. 
The remarkable property of this circuit is that it not only produces 
a d-c output voltage twice as great as does the ordinary Y connec- 
tion, but it reduces the ripple to the same relative amount as that 



Fio. 8.3. Circuit diagram and wave forms for a three-phase bridge rectifier. 


produced by a six-phase circuit. Furthermore, it produces this 
double output voltage without any increase in peak inverse voltage 
as compared with the straight three-phase Y. For a three-phase 
bridge the peak inverse voltage applied to the rectifying elements 
is only 1.05 times the d-c output voltage. In addition to all this, 
the transformer utilization is particularly high because each second- 
ary winding operates twice during each cycle. 
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To counterbalance these advantages there is, of course, the dis- 
advantage regarding the common cathode connections mentioned 
above and the additional fact that at any moment two rectifying 
elements in series must conduct to cariy- the load current. This 
doubles the effective voltage loss in the rectifiers, which tends to 
reduce the efficiency. 

8.4 Smoothing Filters 

Since a polyphase rectifier provides a much smoother output 
voltage than does a single-phase circuit, there are many applica- 
tions which require no additional smoothing. For electrochemical 
applications even the output of a three-phase Y will do, while 
the considerably smoother output of a double Y circuit is adequate 
for most industrial applications invobing d-c machinery. Conse- 
quently, high-power rectifiers seldom employ any filters to reduce 
the output ripple. 

Of course there are applications which require relatively large 
amoimts of well-smoothed output power — a large radio transmitter, 
for example. In this case the rectifier output is passed through 
an L-section filter, exactly as discussed in Chap. 3. As compared 
with a single-phase circuit, a polyphase circuit produces a much 
smaller amount of ripple; for a three-phase Y the rms fundamental 
component of ripple is only 17 percent of the direct output voltage, 
while a circuit producing an output similar to that of the double Y 
coimection reduces this value to only 4 percent. In addition to 
this, the relatively high ripple frequency makes a given amount of 
inductance and capacitance esx)ecially effective, as shown by 
Eq. (3.2) for the smoothing factor. 

Capacitance input filters are never used for polyphase rectifiers 
employing gas tubes because of the high peak current and re- 
sultant low efficiency. In addition to this, the large capacitor 
charging current demanded for the first few cycles of operation 
may cause a thermionic gas diode to exceed the allowable peak 
current and damage the cathode through positive-ion bombard- 
ment. 

8.6 Phase-shift Control of Output Voltage 

When a rectifier employs thyratrons or ignitrons as the rectifying 
elements, it becomes possible to control the average output voltage 
by delaying the firing point at which conduction switches from 
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one tube to the next. This is illustrated by the wave forms of 
Fig. 8.4, showing the output voltage for no delay and also for 

Average voltage^. 


/ A A A \ 

(a) No delay 




Fig. 8.4. Output-voltage wave shapes shoving the effect of phase shift 
upon the average value. 


delays of 30 and 60 degrees. In large power rectifiers the usual 
purpose of doing this is not to control the output voltage over a 
viide range, but automatically to adjust the output voltage to keep 
it constant despite variations of load current or alternating input 
voltage. F or this purpose the necessary phase delay is rather small. 

For some applications it is desirable to provide a full range of 
adjustment which requires a greater delay than 30 degrees and a 
smoothing inductance in series with the load to prevent the current 
from dropping to zero during part of the cycle. With this in- 
ductance a given tube is forced to continue conduction until the 
delayed firing of the next one, even though the transformer supply 
voltage goes temporarily negative. 


8.6 Ignitron Firing 

A rectifier, such as that of Fig. 8.2 emplo 3 dng ignitrons, requires 
additional circuits to supply current impulses to the ignitors for 
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firing the tubes at the correct point in each cycle. Although this 
entails additional circuit complications, the low arc drop and 
serviceability of ignitrons makes this comphcation well worth 
while. Consequently, ignitron rectifiers have practically displaced 
multianode mercury-arc rectifiers for voltages below about 1,000 
volts. Of course the firing arrangement does waste some energy, 
but the igniting power is practically independent of the size of 
the ignitron so that the efficiency of high-power rectifiers remains 
high. For this reason ignitrons are not ordinarily used in units 
vdth power-output ratings of less than about 50 kilowatts. 

The firing system emplo 3 ring parallel mercury-vapor diodes, as 
shown in Fig. 5.19 of Chap. 5, has the serious disadvantage that 
the firing current must pass through the load. If the load current 
drops too low, the current may be insufficient to produce reliable 
firing. For this reason a separate firing circuit independent of the 
load is better. 

There are at present two basic types of firing circuits that have 
been developed for use in ignitron rectifiers. One t 3 ?pe employs 
thyratrons together with phase control and pulse-forming circuits 
to deliver a sharp current surge to each ignitor. This arrangement 
requires one thyratron and its circuit components for each ignitron, 
and the drawback s of this system are essentially those of any 
thyratro n: (1) l imited lif e, (2) delay for cathode heating , and 
(3) easily damaged cathode. 

From the standpoint of ruggedness the alternate arrangement of 
Fig. 8.5 has many advantages. This circuit employs only in- 
ductors, capacitors, and copper-oxide or selenium rectifiers, all of 
which have indefinite life expectancies. Operation is based on 
the principle that the permeability and thus the inductance of an 
iron-clad circuit drops to very low values above the saturation 
point. The saturable reactor with this characteristic is con- 
structed with no air gap, a relatively large number of turns of wire, 
and a limited cross section of iron. The linear reactor, on the 
other hand, maintains an approximately constant inductance be- 
cause of a relatively large air gap and a generous amount of iron. 

In this circuit, just as the alternating voltage across C reaches 
its maximum, the small lagging current through the saturable re- 
actor causes saturation and a sudden decrease in impedance. This 
permits C to dischaige rapidly and produces a sudden current 
pulse shown by the wave form of io on the diagram. On the reverse 
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h alf cycle the capacitor builds up in the opposite polarity, and a 
pulse flows in the other direction. Since a single ignitron requires 
only one pulse per cycle, the output of the saturable reactor passes 
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Fig. 8.5. Circuit diagram and wave forms illustrating the operation of a 
saturable reactor firing circuit for ignitrons. 

through a group of disk rectifiers which direct the positive pulses 
to one ignitron and the rectified negative pulses to the other. 
Thus the single-pulse-fonning circuit can handle the firing require- 
ments of two ignitrons that need to be fired in phase opposition. 
This arrangement is especially effective with the double Y-con- 
nected rectifier of Fig. 8.2, which contains six ignitrons that can 
be controfled by three such firing circuits with a-c inputs staggered 
120 degrees in phase position. 


8.7 Efficiency and Voltage Emulation 

Since the voltage drop in a gas-filled rectifier is low, and because 
transformers are exceptionally efficient devices, the over-all effi- 
ciency of a large power rectifier unit is very good, especially at 
the higher voltages where the tube loss becomes a small part of 
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the total voltage. Figure 8.6, which gives t}"pical eflSciency data 
for ignitron rectifiers of several hundred kilowatt capacity, shows 
that a rectifier outperforms mechanical equipment, especially at 



Percent load 


Fig. 8.6. An efficiency comparison of ignitron rectifiers and rotating machin- 
ery for the production of direct current. 

light loads. At an output of about 100 volts, the 12-volt loss in a 
gas tube drops the efficiency below that obtainable with rotating 
machinery and the choice must be based upon other considerations. 
At very low voltages, however, the three-phase bridge circuit with 
selenium rectifiers gives good efficiency combined with ruggedness 
and simplicity. For instance, a 15-volt 100-ampere rectifier of 
this type may operate at a full-load efficiency of 85 percent. 

The natural voltage regulation of a rectifier using mercury-pool 
tubes is illustrated by Fig. 8.7, which shows that the output voltage 



Percent of full load 

Fig. 8.7. Typical regulation curve for an ignitron rectifier. 

drops about 5 percent from zero to full load. This corre^onds to 
the normal regulation curves for mechanical d-c generators so 
that rectifiers can be operated in parallel with each other or with 
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existing rotary generating equipment. For situations requiring a 
more constant output voltage, the phase-shift system can be 
coupled to the rectifier output to hold the direct voltage auto- 
matically at a substantially constant level, as indicated on the 
curv’e. This is often done T^ith the aid of saturable reactors in the 
phase-shifting network; these reactors possess a d-c winding which 
varies the saturation of the reactor in proportion to the d-c output 
voltage. This variable reactance in turn shifts the phase of the 
voltage applied to the firing circuit. 

PROBLEMS 

8.1 Show that for the idealized wave form of Fig. 8.1 the average output 
voltage equals 0.827 of the peak alternating voltage. 

8.2 In an actual rectifier the gas-filled tube voltage drop subtracts a con- 
stant amount from the ideal wave form of Fig. 8.1. If the tube drop is 12 volts, 
what is the required effective transformer voltage for an average output of 
100 volts? 

8.3 The output of a double Y-connected rectifier operates into an inductive 
load that draws a constant current of 200 amp. Compute the peak and average 
currents carried by any one ignitron. 

8.4 For the ideal wwe forms of Fig. 8.3 determine the relation between 
(a) the average output voltage and the peak transformer voltage, and (6) the 
average output voltage and the peak output voltage. 

8.5 Compute the average output voltage for a Y-connected rectifier with 
a 60-deg phase delay as compared with the voltage without delay (see Fig. 8.4). 
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PRACTICAL AMPLIFIER CIRCUITS 

The function of an amplifier is to amplify an electrical signal 
consisting of a simple or a complex voltage wave. An electro- 
mechanical transducer such as a microphone or a phonograph 
pickup may provide this voltage. Sometimes the signal comes 
from a photoelectric cell; sometimes an antenna supplies a few 
microvolts of radio frequency for amplification. As a general rule, 
the signal voltage is small and it is a complex wave containing 
many frequency components. Figure 9.1 shows the approximate 


Machine vibratioDs 

’ * Induction J o Dielectric Jx* © 

Stractural Tdbrations heating beating ^ 



.Ic Ic 10c 100c IKc lOKc- lOOKc IMc lOMc 100 Me 


Audio freqnencies Supersonks 

I I 
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Television video band 

Fig. 9.1. A chart showing the frequency spectrum from 0.1 to 10® cycles 
per second. 

frequency bands covered by the various types of signals ranging 
from very low structural vibrations to the high radio frequencies 
used for the transmission of frequency modulation. This does 
not show the whole useful spectrum because the practical fre- 
quency range now extends to about 100,000 megacycles. Above 
100 megacycles the techniques differ considerably from those em- 
ployed at lower frequencies, and we s h all concern ourselv^ with 
frequencies below this limit. 
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9.1 Amplifier Classification 

Figure 9.2 shows an elementary classification of amplifier types. 
This classification first di\’ides the field into wide-hand and tuned 


Wide' band t Tuned (narrow band) 

r-S r-S 

Voltage Power Voltage Power 

I h I 

ass Gass Class Class Class Class 
\ A B A B C 

Fig 9.2. An elementary classification of amplifier types. 


amplifiers. The term wfi de-band amplifier indicates one whi ch 
amplifies a re latively wid^and of frequenci e s equally w^. An 
audio amplifier is a good example of this; to amplify speech and 
music requires a circuit that amplifies uniformly all frequency 
components between 50 and 10,000 cycles per second. Figure 9.1 
shows that a cathode-ray oscilloscope requires an even better 
amplifier capable of amplifying all frequencies between perhaps 
10 and 200,000 cycles per second. Television needs an extremely 
wide band because a picture signal contains frequency components 
ranging from 30 cycles to 4 megacycles per second. 

Tuned or narrow-band amplifiers are employed for amplifying 
a single frequency or a narrow band of frequencies. The tuned 
amplifiers in radio receivers and transmitters provide examples of 
this type of service. The classification of wide or narrow band is 
not based on the absolute band width but rather upon the per- 
centage band width. For example, an audio amplifier handles 
only a 10-kilocycle band, but the ratio of ma-yiTmiTn to mmiTmim 
frequency is 200. On the other hand, a tuned amplifier capable of 
handling frequencies between 10.0 and 10.1 megacycles is a 
narrow-band circuit although the absolute band wddth exceeds 
the audio band by a factor of 10. 

Wide- and narrow-band amplifiers may be designed as either 
voltage or power amplifiers. Voltage amplifiers function to pro- 
vide the maximum voltage gain and commonly serve to provide 
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an amplified signal for the following stage of amplification. Power 
amplifiers are needed where the load demands power from the 
amplifier. A loudspeaker, for example, cannot operate on voltage 
alone. Actual power must be delivered to it for conversion into 
soimd energy and heat losses. This requires the amplifier to pro- 
vide a substantial output current as well as voltage. 

The diagram of Fig. 9.2 indicates a further subdi\ision of ampli- 
fiers into classes A, B, and C, as defined by Fig. 9.3. All voltage 
amplifiers and many small power amplifiers operate in class A, 
which is characterized by relatively low distortion and low effi- 
ciency. The desirability of class B and class C operation is difficult 
to understand at this point in the discussion because the plate- 
current waves shown by Fig. 9.3 are obviously badly distorted. 


'Ay' 





ClassA 

Fig. 9.3. A graphical definition of class A, class B, and class G amplification. 


With tuned amplifiers, however, this distortion may be of little 
consequence because the circuit does not reproduce the harmonics. 
Class B or C operation has the important advantage of high 
efficiency — ^up to 80 percent as compared with 20 percent for 
class A. 

This chapter is devoted to the study of simple wide-band voltage 
and power amplifiers capable of handling frequency components 
up to several himdred kilocycles per second. 


9.2 Distortion 

The term amplifier distortion indicates any departure of the 
output from being an accurate enlargement of the input wave. 
In terms of the Fourier concept of representing a complex wave 
by its harmonic series, distortion can be classified int -o thrift tvpf^: 
amphtu de distort ion, frequency distortio n, and phase distortion. 
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Amplitude Distortion. Figure 9.4 shows an example of amplitude 
or nonlinear distortion caused by cur\’ature of the vacuum-tube 



Fig. 9.4. An illustration of amplitude or nonlinear distortion caused by a 
curved characteristic. 

characteristics. Amplitude distortion occurs because the output 
is not proportional to the input even though a sine wave of single 
frequency is applied. Resistors, capacitors, and inductors do not 
normally cause amplitude distortion, but any nonlinear circuit 
element, usually the vacuum tubes, may produce this distortion 
if the signal voltage is large. 

FrequeTicy Distortion. Frequency distortion occurs when an am- 
plifier does not amplify equally well all frequencies vyithin a desired 
band. This distortion can be observed by measuring the amplifi- 
cation of a circuit over a wide band of frequencies and plotting a 
curve of amplification against frequency, as shown by Fig. 9.5. 
The curve shown exhibits no frequency distortion between 100 
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Fig. 9.5. Typical frequency-response curve of an audio amplifier. The 
curve exhibits negli^le frequency distortion between 100 cycles and 10 
kilocycles. 
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and 10,000 cycles per second, and the amplifier would be suitable 
for a public-address system. 

Figure 9.6 shows the effect of frequency distortion on a complex 
wave consisting of a fundamental and a second harmonic only. 


vPundamental 



Complex Harmonic 

wave form components 


Fig. 9.6. This shows the effect of frequencj^ distortion on a complex wave 
in which the second harmonic is amplified more than the fundamental. 

The circuit amplifies the second harmonic more than the funda- 
mental (as an example), and the output wave looks different from 
the input. It is easy to confuse the resulting distortion with the 
amplitude distortion depicted by Fig. 9.4. 

Phase Distortion, Phase distortion occurs when an amplifier 
shifts the relative phase positions of the various signal components. 
Figure 9.7 illustrates this effect. Both the fundamental and the 
second harmonic have the correct relative amplitudes (no fre- 



Complex Hannooie 

wave f onn components 

Fig. 9.7. This shows how phase distortion may change the appearance of a 
wave by the relative positions of the fundamental and the harmoiuca 
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quency distortion), but the phase shift changes the appearance 
of the output wave. Phase distortion is unimportant in the ampli- 
fication of speech and music because the ear does not recognize 
the phase positions of the various components, but the amplifier 
for a cathode-ray oscillograph must produce very little phase dis- 
tortion. 

Phase and frequency distortion are produced by the capacitors 
and inductors of an amplifier circuit rather than by the vacuum 
tube itself. The two types of distortion always occur together 
because the reactances that produce frequency distortion also 
cause phase shifts, and an irregular frequency response curve in- 
variably indicates phase distortion. 

9.3 The Resistance-capacitance-coupled Voltage Amplifier 

The amplifier circuits discussed in Chap. 4 are single-stage ampli- 
fiers consisting of a single tube and load impedance, together with 
the associated sources of direct voltage. A practical amplifier 
must consist of several such stages of amplification in cascade 
with the output of one stage coupled to the next stage, and so on, 
until sufficient amplification is obtained. AH the amplifier stages 
up to the last one are normally voltage amplifiers designed to 
provide an amplified voltage to drive the grid of the following 
vacuum tube. The final stage may be either a voltage or a power 
amplifier, depending upon the characteristics of the device to be 
operated. In a radio receiver, for example, a final power-amplifier 
stage provides the energy required to operate a loudspeaker. 

One practical solution to the problem of coupling the output of 
one amplifier stage to the grid of the next one is the resistance- 
capacitance-coupled amplifier circuit of Fig. 9.8. This useful and 



Fig. 9.8. One stage of reastance-capacitance-coupled amplification using a 
triode. 
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versatile circuit can be designed to pro\dde wide-band amplification 
covering the range from less than one cycle per second up to several 
hundred kilocycles. The circuit is essentially an adaptation of the 
basic ampHfier of Fig. 4.8 with improvements to eliminate the need 
for a bias battery and to apply the alternating voltage developed 
across Rl to the grid of the second tube. 

The heavy line across the bottom of the diagram represents the 
common, or “ground/^ lead to which a large number of the circuit 
connections are made. The metal chassis supporting the circuit 
components usually serves as this connection. Resistor Rk and 
capacitor C* eliminate the need for a separate grid-bias battery, 
as suggested by the equivalent circuits of Fig. 9.9. Raising the 




Fig. 9.9. Alternate methods of obtaining the grid-bias voltage. The self- 
bias arrangement of (c) eliminates the need for an extra battery. 

cathode potential has the same relative effect as depressing the 
grid voltage, and this arrangement eliminates the need for an 
additional source of voltage. The value of Rk is easily computed 
from Ohm’s law; for example, an 8-volt bias for a tube carrying a 
plate current Ih of 4 milliamperes requires a cathode-bias resistor 
of 2,000 ohms. Without C* the bias developed by Rk is not 
steady because the alternating component of plate current Ip 
produces alternations in the voltage drop. The function of Ck 
is to “by-pass” the alternating components of current. With Ck 
the voltage drop across the parallel combination consists of a d-c 
component IjJRk plus an a-c component nearly equal to /p times 
the reactance of C*. With a suflBLciently large condenser to reduce 
this reactance, the a-c ripple across the bias network can be made 
negligible. A capacitance of 10 microfarads or more provides 
reasonably smooth bias for an audio amplifier. Since Xe is in- 
versely proportional to the frequency, low-frequency amplifiers 
may require an impossibly large by-pass condenser. Omittii^ Ch 
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does no particular harm; the alternating voltage developed across 
Ri reduces the net alternating grid-cathode voltage and decreases 
the effective amplification a factor of two or more. 

Resistor Ri, of Fig. 9.8 ser\’es as the load resistor across which 
the vacuum tube develops an amplified output voltage for the fol- 
lowing tube. Coupling capacitor Ce serves to pass the alternating 
component of voltage to the grid of the second tube while simul- 
taneously blocking off the direct component of voltage which 
would upset the bias on the second grid. To do this Ce must 
present a negligible series reactance to the signal frequencies. 
This is easily accomplished with a reasonable size of capacitance. 

Resistor Rg, commonly called the grid leak, serves to maintain 
the correct bias on the second tube. Circuit elements are seldom 
ideal. The insulation of Ce is not perfect, nor is the grid current 
of Fo absolutely zero. With this in mind let us imagine that the 
input signal is temporarily removed so that no alternating com- 
ponents of voltage occur in the circuit. Under this condition the 
voltage on the grid of 1^2 should be zero with respect to the common 
chassis connection because the cathode resistor pro\ddes the grid 
bias. Resistor Rg pro'V’ides a path for the tiny condenser leakage 
current and grid current so that they produce a negligible voltage 
drop and affect the bias voltage an inappreciable amoimt. For- 
tunately the leakage currents are so minute (around ICU® ampere) 
that Rg may be as high as a megohm or more. The vacuum-tube 
design handbooks commonly give the allowable upper limit for 
Rg as part of the design information for each tube. 

With an alternating signal reapplied to the circuit, the tube Vi 
develops an alternating voltage Ep across As suggested by 
the partial circuit of Fig. 9.10, this alternating voltage appears 
across Ce and Rg in series. In general, Ep exceeds Eg^, as shown 


Gc 



(a) Circuit diagram (b) Vector diagram 

P^G. 9.10. An anal 3 ?Tsis of the effect of the Ce and Rg on the low-frequency 
rei^nse of an R-G amplifier. 
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by the vector diagram, but with Xc small compared with Rg the 
coupling netw'ork (Cc, R^ introduces practically no loss. This 
can never be true at all frequencies because Xc is inversely pro- 
portional to the frequency, and at some low frequency Xc equals 
Rg, Below^ this frequency the output voltage Eg^ and the net 
circuit amplification rapidly decrease. 

Frequency Response of an R-C Amplifier. Figure 9.11 shows a 
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Tyve 6J6 Triads 

Rk = 1430 ohms 

Ck = 25 td (for heavy curve) 

Stray shunting capacitance, C 4 = 100 iifd 
Rjj = 30,000 ohms 


Cc 0.01 i*f 
Rg i 500,000 ohms 
Evh 300 volts 


Fig. 9.11. Frequency-response and phase-shift curves for the single-stage 
R-C amplifier of Fig. 9.8. 


curve of amplification versus frequency for the circuit of Fig. 9.8 
with representative values of circuit components. Over several 
decades the curve is flat, which indicates that the capacitive re- 
actances in the circuit have a negligible effect and that the amplifi- 
cation is determined only by the resistances and the choice of 
tube. This flat part is called the mid-frequency region. At the 
low-frequency end the curve drops off because of coupling capacitor 
Cc, as discussed in the preceding paragraph. 

The point at which the amplification drops to 1/ \/2 times the 
mid-frequency value is ar bitrarily called the low-frequency cutoff 
point, marked /i on tlie diagram! Except for a small correction 
diieTiO the cathode bias circuit and the effect of Rg on the load 
resistance, this point occurs at a frequency for which Xc equals Rg. 
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This makes the vector diagram of Fig. 9.10 a 45-degree triangle 
with voltage Eg^ equal to O.TOTEp. There is also a leading phase 
shift of 45 degrees at this frequency. The size of Cc determines the 
low-frequency cutoff point ; increasing Ce ten times shifts the cutoff 
point to one-tenth of the frequency, as suggested by the dotted 
curve of Fig. 9.11. 

At the high-frequency end of the cur\"e the amplification also 
drops, not because of any capacitance intentionally placed in the 
circuit, but because of the internal tube capacitances and the in- 
e\itable stray shunting capacitance between the wiring and the 
metal chassis. This total capacitance Cs is difficult to keep lowr; 
the value of 100 micromicrofarads given by Fig. 9.11 represents 
an average value for a triode circuit. 

The equivalent circuits of Fig. 9.12 help to show more clearly 



(a) Complete equivalent circuit (b) High-frequency equivalent 

Fig. 9.12. Simplified equivalent circuits for an R-C amplifier. 


the effect of the stray shunting capacitance on the amplifier per- 
formance. Figure 9.12a represents the complete equivalent circuit 
with the tube replaced by an equivalent generator and its plate 
resistance r^. Capacitance Ci consists of the plate-cathode capaci- 
tance of the tube plus the tube socket and wiring connections to 
the left of C. Capacitance Cs represents the wiring, socket, and 
effective grid-cathode capacitance of the second tube. Figure 9. 125 
diows the simplified circuit for the high frequencies. Capacitor 



Fig. 9.13. Vector diagram showing the voltages and currents of Fig. 9.12a. 
At high frequencies the capacitive load impedance makes Ip lead fiEg, but the 
output voltage lags with respect to the normal 180-degree phase shift. 
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Cc has an appreciable reactance at low frequencies only; at the 
high frequencies^ it b ^b mes negligble and is omitted from the 
diagrajm This places Rl and Rg in paraiI37 they can be 
replaced by a single equivalent resistor. The diagram also shows 
Cl and C 2 combined into single capacitor C,. This simplified cir- 
cuit shows plainly that the equivalent vacuum-tube load impedance 
consists of a parallel resistance and reactance. At mid frequencies 
Xs is so large compared with the load resistance that the amplifica- 
tion is unaffected, but at high frequencies the reactance drops, 
the load impedance decreases, and the amplification becomes less. 
A lagging phase shift accompanies this drop, as analyzed by the 
vector diagram of Fig. 9.13. 

Pentode R-C Amplifier. With a few modifications to provide 
screen voltage the resistance-capacitance-coupled amplifier works 
equally well with pentodes. Figure 9.14 shows one circuit change 


Q 



to consist of the addition of resistor Rd to drop the supply voltage 
to a value suitable for the screen, usually between 50 and 100 volts. 
The screen current flowing through Rd produces the required drop. 
For instance, with a supply voltage of 300 volts, a d^ired screen 
voltage of 100 volts, and a screen current of 0.2 milliampere, the 
necessary screen dropping resistor is 200/0.0002, or 1 megohm. 
With an applied signal the screen current also contains alternating 
components, and condenser Cd provides a low-reactance path to 
keep them out of Rd. This stabilizes the screen voltage in ex- 
actly the same fashion as Ck smooths the bias voltage developed 
across Rk. 

As explained in Sec. 4.11, pentodes give more amplification than 
do triodes and a higher load resistance is worth while. In the 
circuit of Fig. 9.14 the load resistance is commonly larger than 
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100,000 ohms. For this reason and also because the plate re- 
sistance is high, the effect of the stray capacitance is greater than 
in a triode circuit with its relatively low resistances. Conse- 
quent h% an ordinary high-gain pentode R~C amplifier usually has 
a poorer high-frequency response than that shown by the curve 
of Fig. 9.11. 

Extended High-frequency Response. Teletfision video amplifiers 
and the better t\T)es of \nde-band cathode-ray oscilloscope ampli- 
fiers need to provide flat response over a very wide frequency 
range. The low-frequency cutoff can be adjusted by the choice 
of coupling condenser, but the high-frequency response is con- 
trolled by the care taken in reducing Cs to a minimum. With 
pentodes, which have lower input capacitance than do triodes, 
and careful wiring, the shunt capacitance can be reduced to less 
than 30 micromicrofarads. Further extension of the high-fre- 
quency cutoff must be made at the sacrifice of amplification by 
reducing the load resistance. To this end, special pentodes are 
available which possess a very high transconductance. A type 
6AC7 television pentode, for example, has a transconductance of 
about 10,000 micromhos. With a load resistance of only 3,000 
ohms the gain pro\’ided by this tube is 

A = -grJtL = -(0.01) (3,000) = -30 


This is better than the normal triode amplifier of Fig. 9.8. 

The high-frequenc3" drop in gain becomes serious at the point 
wh^e Xg equals R^. Equating the tw'O to find the corresponding 
'Tfe^encyTweobtam 


- 


Rl = 


1 

27rf2Ci 


A = 


1 

2TrRi^Cs 


(9.1) 


This gives a cutoff frequency of 1.8 megacycles for a shunt ca- 
pacitance of 30 micromicrofarads and a load resistance of 3,000 
ohms. Further extensions in high-frequency response require the 
use of complex coupling networks and correspondingly complex 
theoretical considerations. 


9.4 The Direct-coupled Amplifier 

The direct-coupled amplifier of Fig. 9.15 eliminates the coupling 
condenser between stages and thus produces a flat response curve 
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extending to zero frequency. TMs tj"pe of circuit is used for 
laboratory work to amplify slowly varjdng signals and waves vutli 
long constant periods such as those experienced in slow structural 



Fig. 9.15. A simple direct-coupled amplifier which eliminates the coupling 
capacitor Cc and thus removes the low-frequency limitation on the frequency- 


response curve. 


vibrations and in medical electroencephalographic work. In an- 
other type of application, a direct-coupled amplifier in combination 
with a portable meter to measure the amplified changes in a tiny 
voltage or current can often replace a delicate laboratory-type 
meter. 

The circuit details of Fig. 9.15 are simple. The plate of the 
first amplifier tube is directly coupled to the grid of the second. 
This places the grid at a positive potential with respect to the 
zero point shown on the diagram. To provide a negative grid 
bias for the second tube the cathode must exceed the grid in 
potential. Connecting the cathode to the plus 110-volt point 
accomplishes this and provides 10 volts of bias for tube F 2 . 
The same arrangement can be repeated for additional stages. 

Despite its simplicity, tMs ty pe of amplifier suffers from two 
serious defect s which limit its use to applications absolutely re- 
quiring ^J^ded^Jow^frecgi^ 5 ^;^r^mse^ These defects are as 
follows: 

The d-c supply voltage is relatively high because the supply 
voltages for each stage are effectively comected in series. In ad- 
dition, the power supply must provide a large number of voltage 
taps, each accurately held at the proper voltage. If, for instance, 
the 110-volt tap should change by 1 percent without a compensat- 
ing change in the other potentials, the bias on F 2 would change 
10 percent. In the R-C amplifier, on the other hand, a single 
supply voltage will take care of a number of stages. 

2. For an amplifier with more than two stages, drift becomes 
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serious. By drif t is meant changes in the operating poin t caused 
by supply-voltage variations, changes in cathode temperature, 
thermal expansion of the tube elements, or a variety of other 
causes. A lO-millivoIt change in bias voltage Ec^, for example, 
after being amplified 30 times by T’l and 30 times by V 2 produces 
a 9-volt shift in the plate voltage of This would be enough to 
move the bias of a third tube completely out of the proper linear 
range of operation. Likewise, a change of cathode temperature at 
Vi changes the emission velocity of the electrons and produces a 
small plate-current change equivalent in effect to a drift of voltage 
Ec with a corresponding effect upon the operating point. 

Balanced or bridge circuits have been de\rised which cancel the 
majority of the drift caused by d-c supply voltage and cathode- 
voltage variations and which can maintain even a three-stage 
amplifier at approximately the correct operating point. The re- 
sidual drift, however, still creates an ambiguity as to whether the 
slow changes in the output represent amplifier instability or actual 
changes in the input signal. 

9.6 The Transformer-coupled Amplifier 

The transformer-coupled amplifier of Fig, 9.16 has two ad- 
vantages compared with the R-C amplifier: (1) the transformer 



Fig. 9.16. A transformer-coupled voltage amplifier. 

provides a voltage step up in addition to that produced by the 
tube, and ^ the low d-c resistance of the transformer primary 
(plate) winding produces an almost negligible d-c voltage drop. 
Advantage 1 is no longer of much importance. Interstage trans- 
formers can be used only with triodes, but an R-C coupled pentode 
amplifier provides more gain than a transformer-coupled triode. 
Advantage 2 is sometimes important. The saving of 100 volts or 
more for the plate-voltage supply is certainly important for a 
portable battery amplifier, but the economy is less valuable in an 
a-c operated astern. 
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From the cost standpoint a transformer is hea\der, larger, and 
more expensive than the two resistors and single capacitor re- 
quired for an R-C amplifier. Furthermore, an R-C amplifier 
provides better frequency and phase response. Figure 9.17 shows 



Frequen<?y - logarithmic scale 


Fig. 9.17. Typical frequency characteristics for a transformer-coupled 
voltage amplifier. 

a typical response curve for a good transformer-coupled circuit. 
The curve remains flat over the full audio-frequency band, but it 
is impossible to extend the range to cover the much wider band 
possible with resistance-capacitance coupling. 

A transformer represents a rather complex load impedance, and 
the flat part of the amplification cur\"e is due, not to the uni- 
formity of the load impedance, but to the fact that the amplifi ca- 
tion of a triode remains nearly independent of the load as lon g 
as the load impedance greatly exceeds the platejesistsmce. Figure 
4.25 illustrates this fact, and Eq. (4.17) also shows this to be true. 

With Zj, much larger than the gain approaches the amplification 
factor. The amplification computed from this equation is based 
on the alternating plate voltage developed across the transformer 
primary. However, the secondary voltage is laiger than the 
primary by the turns ratio, iV. Thus the mid-frequency gain of a 
transformer-coupled stage approaches 

1 1 = jlly} (9.2) 

At low frequencies the inductive reactance of the transformer 
primary decreases to the point where exceeds Zh and the 
amplification drops. To ensure good low-frequency response an 
audio transformer must have a high-permeability alloy core wound 
with many turns of wire. Unfortunately, the large number of 
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turns increases the Trinding capacitance which adversely affects 
the high-frequency response. 

Tr ans former coupling with a pentode gives very poor response. 
The high pentode plate resistance makes the gain depend almost 
entireh" upon the value of the load impedance. 

A “ Qm^L 

Thus, irregularities in the transformer impedance vs. frequency 
cur\'e affect the amplifier gain and the response curve no longer 
remains flat over the mid-frequency range. 

The high-frequency response is controlled by the transformer 
winding capacitance and the leakage inductance of the windings. 
Any attempt to increase the amplification by increasing the num- 
ber of secondary turns also increases this capacitance and lowers 
the point of high-frequency cutoff. For this reason a limiting 
turns ratio of about three has been found for transformers covering 
the audio-frequency band. 

Transforme r coupling must be employed for a circuit in tvhich 
the grid of The s econd tube is driven positive during part of each 
cycle. The grid cmroof pass through the trans- 

former secondary winding without appreciably changing the grid 
bias, but with resistance coupling the voltage drop in Rg seriously 
affects the bias. 

9.6 Impedance Transformation 

The voltage transformation provided by a transformer is well 
known to most engineers, but the properties of current and im- 
pedance transformation are seldom common knowledge. Since 
impedance transformation or “matching” occurs in many elec- 
tronic circuits, wn shall briefly study the transformer from this 
standpoint. 

Figure 9.18 show's a transformer connected to a load impedance. 
h N, N2 h 




Fig. 9.18. Diagram showing a transformer coupled to a load impedance. 
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Transformers are eflBcient de\ices, and their operation approaches 
that of an idealized concept called the ideal transformer. This 
ideal transformer has no power losses fa practical one may be 
95 percent efficient), the exciting current is neghgibly small (this 
amounts to using iron of infinite permeability), and all the mag- 
netic flux completely links both coils (this neglects the leakage 
flux). The following conclusions, drawn for an ideal transformer, 
never exactly apply to a practical one, but the difference between 
the tw’O is reasonably small. 

In the ideal transformer of Fig. 9.18 the alternating flux pro- 
duced by the primary winding links both windings completely. 
Therefore the voltage induced in each turn is the same, and the 
total voltages are proportional to the numbers of turns. There- 
fore, 




(9.3) 


With Z 2 disconnected, no secondary current flows and h drops 
to zero (at least very small for a practical transformer). There 
must stiU be an alternating flux in the core, however, to generate 
a counter-emf in the primary that just opposes the applied voltage. 
With Zo connected, current h immediately flows and h appears 
in the primary. In fact the product hNi must exactly equal 
—I 2 N 2 to keep the net core flux the same. This flux must stay 
the same to generate the same primary counter-emf equal to Ei. 
The minus sign indicates that the direction of the secondaiy 
ampere turns must oppose the primary ampere turns. In Fig. 9.18 
both windings circle the core in the same direction to give the 
polarities shown. However, the primary current goes down the 
primary while I 2 travels up, which reverses its direction arotmd 
the core. Taking the direction of h shown as the positive direction 
and considering the minus sign associated writh the winding, we 
have 


h Ni 


(9.4) 


This must be true at every instant so that h and h go through 
zero simultaneously and are in phase. 

The apparent impedance looking into the transformer primary is 



(9.5) 
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Substituting from Eqs. 9.2) and (9.3j for I\ and Ei, we get 



Therefore a transformer transforms impedances in proportion to 
the square of its turns ratio . 

A given practical transformer can behave in an approximately 
ideal manner over a restricted range of frequencies, depending 
upon the excellence of its design. In general, a transformer con- 
nected to a load impedance performs better than an interstage 
coupling transformer \rithout any load. Commercial output trans- 
formers can be obtained to cover a range from 20 cycles to 20 kilo- 
cycles. 

9.7 The Class A Triode Power Amplifier 

An amplifier must not only increase the size of the input signal 
to a reasonable size, but it must also provide suflScient power to 
operate some device that transforms the signal into a useful form. 
In a radio receiver the output operates a loudspeaker; a vibration 
amplifier terminates in an oscillograph for recording the wave 
forms on photographic film; a radio transmitter supplies power to 
be radiated by the antenna. An amplifier stage designed to pro- 
vide this power is called a power amplifier. In its design, voltage 
amplification is secondary because plenty of amplification can be 
provided ahead of the power stage. Rather, the circuit is designed 
for the greatest product of alternating output voltage and current. 

Figure 9.19 shows the basic circuit diagram of a triode power 



Pig. 9.19. Basic circuit diagram for a triode class A power amplifier. 

amplifier. The circuit is already familiar except for having the 
load resistance connected to the amplifier through a transformer. 
The transformer serves two fimctions : First , it transforms re- 
sistance R into the desired load resistance fOT the tube. For ex- 
ample, a transformer to change a 5-ohm loudspeaker into a 
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2,000-ohm load resistance requires a turns ratio of 20. This makes 
it possible to design the loudspeaker for best performance without 
regard to its impedance; the transformer then transforms this into 
the most desirable load for the vacuum tube. The second function 
of the transformer is to eliminate the voltage drop that wouliT 
occur if an actual load resistance were placed in the plate circuit. 
This improves the efficiency by decreasing the required supply 
voltage. This improvement occurs because the transformer pre- 
sents an impedance only to alternating components of current 
within the frequency range for which it is designed. The d-c 
component of current Ib passes through the primary without pro- 
ducing any voltage drop other than the small IR drop in the 
winding resistance. 

A power-amplifier tube must not only produce a large alternat- 
ing output voltage, but it must also provide a large alternating 
component of plate current. One tube of this type is the type 45 
power-amplifier triode, the characteristic curves for which are 
shown in Fig. 9.20. This tube operates at voltages equivalent 



0 100 200 300 400 


Hate voltage - vxte 

Fig. 9.20. Chajacteristic curves and load line for a ts^pe 45 triode in the 
power amplifier of Fig. 9.19. 
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to the voltage-amplifier triodes previously studied, but the current- 
handling capacity is about ten times as great. The amplification 
factor is low— only 3.5 — but this is a secondary consideration. 

Construction of Load Line. The operating point for the amplifier 
of Fig. 9.19 is determined by the supply voltages Eib and Ec. 
Neglecting the transformer ^vinding resistance, we assume the 
actual plate voltage Eb to be 250 volts, and the intersection of 
the —50 grid-voltage curv’e v\ith the vertical 250-volt line shows 
the operating plate current to be 29 milliamperes. 

With an alternating signal voltage applied to the grid, the plate 
current varies above and below the operating-point value, but 
to these alternations the transformer presents a resistance of 
5,000 ohms. Therefore, the relationship between plate-voltage 
changes and plate-current changes is the same as though a 5,000- 
ohm resistor were actually in the circuit. Thus the point of opera - 
tion follows along a straight line havdng a slope of 1/5,00 0, exactly 
as discussed in Chap. 4. Figure 9.20 shows this load line. The 
intersection of the load line with the zero axis at the 395-volt 
point shows the plate-supply voltage required for a 5,000-ohm 
load without an intervening transformer. The transformer pre- 
vents a voltage loss of 145 volts in this particular case. 

To obtain the greatest power output capacity with an input 
signal that drives the grid just to zero, the load resistance should 
approximate twice the plate resistance of the triode. This factor 
of two can be deduced from simple theoretical considerations, but 
the exact value must be determined from a number of trial-and- 
error plots on the characteristic curves. It is not difficult to see 
that a very high load resistance will produce little power output 
because a level load line on the chart represents large voltage 
swings with correspondingly tiny current swings; the product of 
alternating voltage and current is small. Likewise, a very low 
load resistance (nearly vertical line on the chart) produces large 
current swings, but the alternating voltage developed is RTnall and 
again the product is low. At the intermediate point where the 
load equals twice rp, the greatest output is obtained with a reason- 
able distortion. 

Com'putaiion of Output Power and Efficiency. To illustrate the 
capabilities of a power amplifier we shall carry out an approximate 
computation of the maximum power output and efficiency for the 
load line of Fig. 9.20. This load line has already been adjusted 
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for correct bias so that an alternating input signal that just swings 
the grid voltage to zero will not swing it too far n^ative into the 
cutoff region. This bias is critical. Figure 9.21 shows 5,000-ohm 


Type 45 triode 



Fig. 9.21. Load lines for several different conditions to show the effect of the 
grid bias on the distortion and power output of a power amplifier. 

load lines for biases of —40, —50, and —60 volts. With a bias of 
—40 volts, the distortion is small, but the plate current is high 
and the power output is reduced by the l im ited grid voltage swing. 
This produces poor efficiency. With a —60-volt bias the plate 
current is low, but the distortion is excessive unless the grid 
voltage swing is held within the limits of the 40- and 80-volt lines. 
This again reduces the power output and capacity. The 50-volt 
bias represents the compromise between good efficiency and a 
reasonable amoimt of distortion. 

For a sinusoidal signal having a marimum value of 50 volts the 
distortion produced with the load line of Fig. 9.20 is about 6 per- 
cent. This means that the effective value of the total harmonic 
content in the distorted wave is 6 percent of the fundamental 
component. Most communications and electronics handbooks de- 
scribe systems for computing the distortion from voltage and cur- 
rent readings taken from the load line. 

Figure 9,22 shows the wave form of the distorted plate current. 
This diagram exaggerates the amount of distortion about three 
times. The distortion is essentially second harmonic, and Fig. 
9.226 shows the separate components of the complex wave. This 
diagram shows two important things: (1) The average plate current 
with a signal is more than the operating point plate current 
of 29 milliamperes because the distortion makes the upper half 
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cycle of the wave larger than the lower half. (2) The difference 
between the Tn ayiTmim and m iniimim current values just equals 




Fig. 9.22. Plate-current wave shapes for the triode amplifier of Figs. 9.19 
and 9.20 operating with an alternating grid voltage that just swings the grid 
lio zero. 

twice the peak value of the fundamental. Thus, from the diagram, 
/mar ~ /ft + V^/p^ 4" '\/2lp^ 

/min = Ib— V2/pj + V2/pj 
/max /min ” 2'\/^/p^ (^-7) 

For the particular amplifier of Fig. 9.20, /max equals 58 milliam- 
peres and /min is 6 miUiamperes. Therefore, the fundamental 
component of plate current is 

y 58 — 6 ^ 

Ip = y=r- = 18.4 ma 

* 2V2 

The alternating plate current flows through an equivalent load 
resistance of 5,000 ohms. Therefore, the power output is 

Pq = Pp^Bl == (0.0184)2(5,000) « 1.69 watts (9.8) 

This represents power delivered to the transformer; the actual out- 
put is less because of transformer leases. 

The power supplied to the amplifier by the plate-supply bat- 
teries or rectifier is 

Pin = Ebib (9.9) 
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Here h is the actual average plate current — ^more than A,. To 
get an approximate value for the average we can take an average 
of four equally spaced ordinates because these will always show 
an average value of zero for both the fundamental and the second- 
harmonic components. Four convenient ordinates are Imax, 
Ib^, and /min because they can all be read from the chart. There- 
fore, 


/5 = 


-/max "b / min + 2/5, 


(9.10) 


Using the values from the load line, we find 


4 = 


58 + 6 + 2(29) 
4 


= 30.5 ma 


The power input is then 

Pin = (0.0305) (250) = 7.63 watts 
This makes the plate efliciency 

. (1.69)(100) ^ 

Efficiency = ' = 22 percent 

7.00 

The term plate efficiency indicates that only the plate-circuit power 
has been considered. Including transformer losses and cathode 
heating power would make the over-all efficiency even worse. 

A power output of less than 2 watts at an efficiency of 22 percent 
does not sound very impressive. More power can be obtained 
with a triode rated for higher currents and voltages, but the 
efficiency cannot be improved materially without driving the grid 
positive to use a larger portion of the available voltage swing. 
This is seldom done with class A amplifiers. 

9.8 The Class A Pentode Power Amplifier 

A pentode power amplifier is more efficient than one with triodes 
because the shape of the characteristic curves permits using a 
larger portion of the load line. Figure 9.23 illustrates this by 
showing equivalent triode and pentode amplifiers with the two 
load lines adjusted for the same current swing and d-c supply 
voltage. Therefore, the power input to the two amplifiers is ap- 
proximately the same. However, because of the different shape 
of the characteristic curves, the alternating plate voltage produced 
by the pentode exceeds the permissible triode swing. Thus the 
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pentode circuit has considerably better power output and efficiency 
than does a triode. 



Fig. 9.23. A comparison of equivalent triode and pentode power amplifiers 
having the same supply voltage and average plate current. The pentode is 
best because it produces a larger altematmg power output for a given d-c 
input. 

As a theoretical upper limit the current and voltage could just 
swing to zero. Then, neglecting distortion, 

y/2Ej, = Eb 

V2 


V2Ip = h 


V2 


Now computii^ the efficiency, we obtain 

Efficiency = = 0.5 or 50 percent 

£jhl 5 ZjEJbl b 


(9.11) 


The plate efficiency of typical pentode amplifiers usually lies be- 
tween 35 and 40 percent, with the upper limit for beam-power 
tubes. The necessity of providing screen-grid current reduces the 
over-all efficiency to a final value lying between 30 and 35 percent. 
Again the beam-power tetrode shows its advantage over the con- 
ventional pentode because of the low screen current. 

The choice of a proper load resistance for a pentode requires a 
simple analysis, shown by Fig. 9.24, Load line aa, for example, 
represents a low resistance and produces a large current swing 
but only a small output voltage variation. Owing to the flatness 
of the pentode curves, a larger load resistance will provide nearly 
the same alternating current with an even larger voltage swing, 
and thus a larger output power. Too large a load resistance, how- 
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ever, brings the upper load-line intersection dovn to the vertical 
part of the plate-current curve, as shown by line cc. This results 
in a reduced current swing and serious distortion. Load line bb 


ec=o 


Load resistance 
too low 


Correct load resistance 



resistance 
too high 


Fig. 9.24. This diagram illustrates the proper choice of load resistance for a 
pentode power amplifier. 

represents a compromise value that passes through the knee of 
the curve and provides a maximum undistorted voltage swing 
with a large alternating plate current. 

The best load line for a pentode usually results in distortion con- 
taining a large amount of third harmonic. The rounding of the 
characteristic curve knee causes the load-line intercepts to be re- 
duced at both ends of the grid-voltage swing as compared with 
the middle. This flattens both the top and bottom halves of the 
output wave form quite differently from a wave containing only 
second-harmonic distortion, as shown by Fig. 9.22. Third-har- 
monic content, however, affects both peaks of the wave equally, 
as suggested by Fig. 9.25. This is generally true of aU odd har- 



P^G. 9.25. Third-harmonic distortion appears when both x>^i>ks of the input 
wave are clipped by the amplifier. 
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monic frequencies. The distortion produced by pentodes usually 
exceeds that of triodes, and the high third-harmonic content is 
considered to be more objectionable than an equal amount of 
second harmonic in the reproduction of sound. 

A power-amplifier pentode requires a smaller signal voltage to 
drive the grid than does a corresponding triode. Figure 9.23 
shows the triode to demand a peak alternating grid voltage of 
40 volts to develop full power output, whereas the pentode requires 
a peak signal of only 10 volts. Since the pentode also exceeds 
the triode in efficiency, there is little justification for the use of 
triodes in equipment designed to produce a given power output 
with the simplest and cheapest circuit design. The power ampli- 
fier in a commercial broadcast receiver, for instance, normally 
employs pentode tubes despite the somewhat worse distortion 
produced at full output power. 

The nicety with which power-amplifier load lines can be con- 
structed and analyzed often leads to a distorted concept of the 
perfection of the operation of a practical circuit. In many in- 
stances the load impedance is only approximately correct because 
the exact transformer ratio is not available. It may also vary 
with frequency and be reactive instead of purely resistive. This 
causes the load line to expand into a distorted ellipse, and the 
analysis becomes corre^ondingly complex. The practical result 
of these deficiencies is to reduce the available power output below 
the value computed from the ideal resistance-loaded case. 

9.9 Push-pull Amplification 

A great deal of the distortion produced by curvature of the 
vacuum-tube characteristic can be eliminated by employing two 
tubes operating in push-pull, a connection designed to operate one 
tube in phase opposition to the other. This has the effect of 
canceling much of the curvature of the two individual characteris- 
tics and greatly improves the net linearity. For this reason two 
tubes in push-pull can provide twice the power obtainable from 
one tube, but with much less distortion, or more than twice the 
power with a comparable distortion. 

Kgure 9.^ shows the basic push-pull circuit. Input transformer 
Ti provides two equal voltages of opposite phase with respect to 
the center tap. This is not the only way of obtaining a phase in- 
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version; an amplifier designed for an amplification of unity may 
also provide a phase reversal of 180 degrees. The two push-pull 
tubes operate from the same bias source with identical grid voltages 



Fig. 9.26. Basic circuit diagram for a push-pull power amplifier. 

in phase opposition, and they are supposed to have similar dynamic 
characteristic curves. 

Transformer Tz, with two equal windings of N turns each, com- 
bines the output currents in phase opposition. Current 4^ flows 
up through N turns, and 4, flows down through an equal number. 
Since the primary is wound continuously in the same direction 
with a center tap brought out to divide it into two equal parts, 
the two currents travel in opposite directions around the iron core 
and the net magnetization equals the difference between the two. 
Thus 

Net magnetization = — N4, = N(4j — 4^ 

Therefore the output is equivalent to a single current 4^ — 4, 
flowing through a single primary of N turns. 

Figure 9.27 illustrates the operation of each tube and the com- 
bined effect on the output circuit. Figure 9.27a shows the opera- 
tion of tube 1. Although the distortion appears to be extreme, the 
drawing does not exaggerate the operating conditions in a normal 
push-pull amplifier. In addition to showing the total plate-current 
wave, the dia^am also shows the fundamental and second- 
harmonic components of the current. Such a distorted wave, of 
course, also contains additional harmonic components <rf appre- 
ciable magnitudes. 

Figure 9.276 illustrates the operation of tube 2, which is identical 
to that of tube 1 with the exception of the reversed phase cS the 



160 


ELECTRONICS IN ENGINEERING 



Fig. 9.27. A graphic anal3r5is of the perfoimance of a push-pull power amplifier. 

altematmg grid voltage. This makes its output wave shape 
actly like that of tube 1 except for the 180-degree phase shift. 
The 180-d^ree shift also shows in the harmonic component, but 
since there are two complete second-harmonic waves in one cycle 
of the fundamental, shifting the second harmonic 180 d^rees on 
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the fundamental scale leaves it apparently in the same position 
as before. 

The net effect, as far as the output transformer is concerned, de- 
pends upon the current 4^ — Thus reversing the wave of h 
and adding it to that of a produces the relatively undistorted 
wave of c. Observing the effect of this operation on the harmonic 
components shows that reversing b makes the two fundamental 
components in phase and the second harmonics out of phase. 
Therefore the output contains no second-harmonic distortion. In 
general this process cancels out all even harmonics (second, fourth, 
etc.) and leaves the odd components (fundamental, third, etc.). 
The d-c components of the two plate currents also cancel and 
reduce the magnetization of the transformer core. For this reason 
push-pull output transformers contain less iron and are less ex- 
pensive than an equivalent transformer for a single output tube. 

In addition to showing the cancellation of harmonics in the 
output, Fig. 9.27c shows a convenient graphic analysis of the 
situation. The upper curve represents the dynamic characteristic 
for tube 1 redrawn from part a. The curve for tube 2 is also shown, 
but drawn upside down and back side to. Drawing the curve 
upside down amoxmts to reversing the sign on 4, so that adding 
ordinates for the two curves wiU give the current — 4,* Making 
the curve also back side to reverses one grid-voltage scale with 
respect to the other so that the single wave of input voltage will 
serve for both curves. 

Rather than to take two readings from the upper and lower 
curves and add them each time a point on the output current wave 
is desired, it is more convenient to add corresponding ordinates to 
obtain a composite curve. With a properly chosen grid bias, the • 
opposite curvatures of the two tubes can be offset to produce a 
nearly straight composite dynamic characteristic. A straight line, 
of course, ensures a linear relationship between the input signal 
and the net output current and indicates low amplifier distortion. 

9.10 General Application of the Push-pull Principle 

The push-pull system of reducing nonlinearity applies with equal 
success to any electrical or mechanical system. For example, an 
electromechanical measuring device may require greater linearity 
than can be provided by a simple helical spring- Two such springs 
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connected in opposition (see Fig. 9.28) will reduce the residual dis- 
tortion to a very low value. 



Fig. 9.28. An extension of the push-pull principle to a pair of springs. 


To analyze this let us suppose that the smooth curve of Fig. 
9.29 represents the nonlinear element to be improved. This curve 
can be represented by a power series 
of the following form 

?/ = a 4- 6x + ca:^ + dj? + ea4+ • • • (9.12) 

With two such elements arranged such 
that the deflection of one is opposite 
to that of the other and with their two 
outputs added subtractively, the line- 
arity can be improved. The arrange- 
ment of Fig. 9.28 does this. A deflec- 
tion causes one spring to compress Characteristic 

and the other to stretch, and the net ^ nonlinear device, 

force equals the difference between the two individual spring 
forces. 

Mathematically this amoimts to saying that for one element 
= a + hx + coi^ + d3? + ei^+ • • • 

For the other element the deflections are opposite in direction. 
This amounts to replacing +x with —x in Eq. (9.12). Thus 

y% = a — hx <xx? — da? + ~ • • • 

By taking the difference between and 2/2 to obtain the net 
output, we get 

2/1 - 2/2 = 2fex + 2dx* + (9.13) 

Therefore the combined output contains only the linear term 
and all odd powers of x. The improvement obtained depends en- 
tirely upon the relative magnitudes of the odd and even terms in 
the series. Usually, unsymmetrical ^sterns with slight curvature 
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possess second-order terms large compared with the higher order 
ones, and the improvement is marked. 

Some types of systems possess only odd terms to begin with so 
that push-pull operation has no advantage. Such an element 
with a curve of the form 

y= ax + ha^-\‘C3^+ - • . 
must possess the property 

Si-x) = -/(l) 

This says that reversing the sign of x changes the sign of the 
function without changing its magnitude. Figure 9.30 shows a 
curve of this type. The cantilever beam represents a familiar 
example of a spring possessing odd symmetry for deflections 
measured from the normal center position (Fig. 9.31). 



Fig. 9.30. Characteristic 
curve of a device having odd 
symmetry. 



+X 

DirectMHi 
■O' of 
motkm 

-X 


Fig. 9.31. Simple cantilever 
^ring which has a character- 
istic curve rimiiar to that of 
Fig. 9.30. 


9«11 A Complete Audio-amplifier Circuit 

To illustrate the coordination of a number of circuit elements 
into a complete unit, Fig. 9.32 shows the circuit diagram for a 
simple 4-watt audio amplifier. This amplifier is dedgned to am- 
plify the output of a typical phonograph pickup to a level aiflScient 
for operating an ordinary loudspeaker. The circuit provides the 
functions of volume Ex and tone controls Rz and includes a d-c 
supply rectifier. 

The amplifier consists of three separate circuits: (1) a triode 
amplifier with a gam of about 15 to increase the 1-volt input from 
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the pickup to a sufficiently large value to drive the 6F6 grid, (2) a 
pentode power amplifier capable of pro'vfiding a ma xi m um of 
4 watts to the loudspeaker, and (3) a full-wave rectifier to supply 
the necessary direct voltages to the two amplifier stages. The 
following descriptions of the function of each circuit element will 
serve as an aid in imderstanding the circuit and as a review of the 
previous chapters on rectification and amplification. 

This serves as the resistor Rg for the 6J5 and as a volume 
control. The variable tap applies to the grid any desired 
portion of the input from the phonograph pickup. 

i?2 This serves to develop the 4-volt bias required for the 6J5. 

jRs Capacitor Cs together with Rs provides the tone control. 
With Rs turned to zero, Cz effectively increases the shunt 
circuit capacitance enough to make the high-frequency 
drop occur in the neighborhood of 2,000 cycles. This re- 
duces the needle scratch and produces the commonly 
desired muted tone. Turning Rz to maximum resistance 
increases the impedance so that the shunting effect is 
negligible and all the frequencies come through. 

Ra This is the plate load resistor Rl for the 6J5. 

Rz The grid resistor of the 6F6 provides a path for any grid 
current or leakage through C4. 

Re Resistor Re provides bias for the 6F6 power amplifier. 

Rr This makes up part of an R-C filter in the rectifier and also 
drops the supply voltage to the correct value for the 
6F6 screen and the 6J5 amplifier. 

Cl Capacitor Ci, often omitted, has a negligible reactance to 
audio frequencies and serves to block off any d-c com- 
ponent in the input signal. 

C2 This serves to by-pass the alternating components of plate 
current and smooth out the bias provided by R2. 

Cz Cz together with Rz provides the tone control, as discussed 
in connection with Rz. 

C4 Capacitor Ca couples the plate of the 6J5 to the grid of the 
6F6. It has a low audio-frequency reactance and keeps 
the direct plate voltage of the first tube from reaching the 
grid of the second. 

Cb This smooths out the 6F6 bias voltage. 

Ce This is the initial smoothing capacitor for the fuU-wave 
rectifier circuit. 
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Cl Cl and Lx together make up an Lr-C filter section to provide 
additional filtering for the voltage supplied to the 6F6 
plate. 

Cs Cz and Ri provide an additional stage of R-C filter to reduce 
the hum level before the voltage is applied to the 6F6 
screen and 6Jo plate. Since the screen voltage affects a 



Fig. 9.32. A complete circuit diagram for a simple 4-watt phonograph am- 
plifier. 


pentode plate current much more than does the plate 
potential, the plate supply needs less filtering than does 
the screen. 

jPi The power transformer provides 600 volts for the full-wave 
rectifier circuit, 5 volts for heating the rectifier filament, 
and 6.3 volts (Y-Y) for heating the 6J5 and 6F6 cathodes. 

1^2 The output transformer transforms the imi>edance of the 
loudspeaker into the correct load for the pentode. The 
several taps provide for transforming a number of dif- 
ferent load impedances into the correct 6,600-ohm load. 
The diagram shows the correct connection for an 8-ohm 
loudspeaker. 
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PROBLEMS 

f circuit of Fig. 9.8 employ’s a tj-pe 6J5 triode with an Rl of 20,000 

ohms and an Ebb of 300 volts. Determine (a) the plate current, and (6) the 
correct size of resistor Rk to provide an 8-volt bias. 

An amplifier for use in certain t^'pes of vibration study must have a 
response that stays flat down to nearly 1 cycle per sec. Compute the ap- 
proximate sise of coupling capacitor required for a grid leak resistance of 
1 meg ohm. 

In a multistage amplifier the response drop at the low-frequency end 
is cumulative. A drop to 0.9 of the mid-frequency gain in one stage produces 
a total decrease to 0.81 in two identical stages. Compute the required size 
of coupling capacitors for a three-stage amplifier in which the over-all gain 
drops to 0.7 of the mid-frequency value at 5 cycles per sec. The identical 
stages have grid resistors of 500,000 ohms each. 

. ^9.$ ) An R-C amplifier operates with a high-mu triode (rp = 100,000 ohms, 
fit = 100), an Rl of 100,000 ohms, and an Ra of 500,000 ohms for the following 
tube. Compute the mid-frequency gain. 

An oscilloscope amplifier employs a pentode (ffm — 1,200) in an R-C 
amplifier with a total shunt capacitance of 40 jit/if. What is the maYiTnum 
possible gain for a cutoff frequency of 200 kc? 

9.6 A type 45 triode operates in the circuit of Fig. 9.19 with a plate voltage 
of 200 volts, a bias of —40 volts, and an effective load resistance of 6,000 ohms. 
Draw the load line, and determine (a) the no-signaJ plate current, (b) the 
power output, (c) the power input and efficiency, and (d) the correct trans- 
former turns ratio for connecting the amplifier to an 8-ohm loudspeaker. 

9.7 A type 6V6 beam tetrode operates in the circuit of Fig. 9.19 with a 
plate voltage of 300, a screen voltage of 250, and —12.5 volts of grid bias. 
Draw the load line for a resistance of 5,000 ohms, and determine (a) the ap- 
proximate power output, (6) the approximate power input, and (c) the 
efficiency. 
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In 3VIANY respects vacuum-tube circuits are unstable de\nces. The 
transconductance, amplification factor, and plate resistance of a 
tube vary with the applied voltage, which makes the amplification 
of a circuit dependent upon the supply voltage. Tubes themselves 
are not held to particularly close tolerances, and replacement 
may markedly change the behavior of a circuit. And finally, all 
amplifiers produce undesirable distortion. 

Many of these deviations from perfection can be reduced by 
feeding back a small portion of the distorted output voltage to 
the amplifier input for comparison with the input voltage. This 
i mproves the circuit stabilit y, reduces the distortion , and make s 
t he amplifier a precision laboratory device . 

10.1 The Feedback Equation 

Figure 10.1 shows a line diagram of an amplifier before and after 
feedback. Before feedback is applied, the input signal F, is also 
the grid voltage on the first tube. The amplification A may be 
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Fig. 10.1. Block diagram of an amplifier before and after the application of 


a feedback loop. 
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either a positive or a negative number in the mid-frequency range, 
depending upon the number of stages of amplification. For a 
single stage, A is Tnimis because the output and input voltages are 
in phase opposition, but a two-stage circuit gives a positive value 
of -4. Near the ends of the useful frequeacy band, phase shifts 
occur and the amplification includes phase angles other than zero 
or 180 degrees. 

With a feedback loop added to the amplifier, a fraction jS of the 
output voltage returns to the input to add (in the algebraic sense) 
to the original input signal. It is important to understand tha t 
the fraction jS not only represents the ratio between the magnitud es 
of the teedbacK: voltage and the out put voltage, but it also include s 
my phase sJiitt introduced by tne feedback circuit. For example, 
with two resistors determining the feedback, as shown by Fig. 
10.2a, jS represents the ratio between the voltage across JS 2 as 



>i2=5K 


:x=5K 




(b) Here ig=0.707/45^ 
Fig. 10.2. An illustration of the meaning of the fraction jS. 


compared with in this case +0.1. With a transformer to re- 
verse the voltage returned to the input, /3 could be mg/lft —0.1. 
In Fig. 10.26 the fraction fed back also differs in phase from Eh, 
and j3 includes a phase angle. 

With the feedback loop installed, we are now interested in the 
new resultant amplification of the over-all ^tem diown ingida 
the dotted line. This we define as A', the new ratio between the 
output voltage Eh and the input signal E, (no longer Eg). Thus 

Eh 
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But the ratio between the actual grid voltage and the output 
voltage is still A 

£o' = w4£, = 4(£,+ /S£^) 

Solving for Ei, we get 


Ei- 


AE. 

1-Ap 


Then dividing this by E,, we obtain 


E. 1-Afi 


( 10 . 2 ) 


This simple rdationship contains a gr^t deal of information; 
the following discussion points out a few of the sahent features 
involved. 


10.2 Negative Feedbadk ^ V 

Let us first discuss circuits with negative feedback, that is, a 
circuit in which the product AjS is a pure negative number over the 
frequency band of interest. This can never be true at all fre- 
quencies because the term A includes phase shifts at one or both 
ends of the useful frequency band. The negative value of Aff 
means that the feedbac k voltage is ou t of p hase with the input 
voltage. 

Investigating Eq. (10.2) we find that a negative value of Ap 
increases the denominator of the expression and makes less 
than A. This reduction of amplification represents the price 
that must be paid in order to obtain the other advantages of feed- 
back. If now we further make the product Ap large compared 
with unity, Eq. (10.2) becomes 

(10-3) 

Thus the amplification becomes dependent only upon the value 
of P; variations in A have little effect. If the feedback network 
consists of two stable resistors, as shown by Fig. 10.2a, the fraction 
p and thus A' will be extremely constant and accurately known. 

Negative feedback also decreases the amp l itude or nonlis mr 
distortion. A complete analysis of this is diflScult, but a qualitative 
approach is to consider that the distortion results from a variatim 
of the circuit amplification over the operating cycle. When the 
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tube operates on the steep portion of the curve, A is large; toward 
the bottom of the curv’e, *4. decreases. Since feedback makes A' 
virtually independent of A, the amplification remains constant 
over the full cycle and the output voltage accurately follows the 
input wave. 

The amount of correction depends upon the value of Ap. 
Considering A and A' as variables and jS as a constant, Eq. (10.2) 
in differential form becomes 


dA' 


dA 

(1 - Apr 


(10.4) 


Repeating Eq. (10.2), 

A' = - 

^ 1-AP 

Dmding Eq. (10.4) by Eq. (10.2), 

dA' dA/ 1 \ 
A' il \1 ~ Ap) 


(10.5) 


Although this relation holds exactly for differential changes only, 
it is approximately correct for small finite changes in A and A'. 
The equation states that the per unit (multipli ed by 100 this 
would be percent) cl^ge in A' equals the per unit change m A^ 
r edu^ by the factor (1 — AP). ^ Thus an Ap of —9 will reduce 
tSemect of variations in A by a factor of 10. If, for instance, 
normal tube changes and line-voltage variations can change A by 
20 percent, negative feedback with an Ap of —9 will reduce the 
effect on A' to a 2 percent change. 


10.3 Positive Feedback — OsciUation 

In a positive feedback circuit the product Apisa, positive num- 
ber in the frequency range under investigation. With Ap less 
than unity and positive, A' exceeds A; this fact has been used to 
construct sensitive amplifiers, but the resulting circuit becomes un- 
stable and critical to operate. 

An especially interesting condition is obtained when Ap just 
equals +1. Then 

ii' = Y4l=« (10-6) 

An. inteipretation of this iresult is that the ampliher provides an 
output without any input. Phyacally it represents a self-excited 
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amplifier; the fraction of the output fed back to the input is of 
the proper phase and magnitude just to support the output. 
Under these conditions the circuit is said to oscillate, and it be- 
comes no longer a useful amplifier. Oscillators in themselves are 
useful devices, however, for the production of alternating voltages 
with a flexibility and frequency range unobtainable by rotating 
machinery. 

With Afi positive and large compared with 1, Eq. (10.2) indicates 
that A' should again be finite. However, this represents a condi- 
tion of instability, and oscillations again occur. This can be 
shown by imagining a small voltage applied to the input. Let us 
suppose that Afi equals a positive value greater than unity, say 3. 
A small voltage E applied to the input produces a voltage AE at 
the output for a moment, before the signal can return around the 
feedback loop to the input. A jS fraction of this (AfiE = 3E) re- 
turns to the input an instant later and adds to the input voltage, 
making a total input of 4B. This in turn produces an output AAE 
and returns through the feedback loop a fraction making 
4ApE, or 12^. The input now reaches 13£?, this again returns 
through the loop to increase the input, and so on. This unstable 
condition cannot continue indefinitely without running the vacuum 
tubes to cutoff or up into the positive grid region. As a result, 
the output increases imtil the tubes operate with such large signals 
that the average amplification drops off to make the signal fed 
back just sufficient to cause a continuous output. This type of 
oscillation always involves distortion because the nonlinear portion 
of the characteristic curve limits the output amplitude. 

Unfortxmatelv, amplifier oscillation will occur if at anv fre - 
q uency the quantity Ag equals or exceeds a value oLH-1. Thus, 
although an amplifier may be designed for negative feedback over 
the useful frequency range, sufficient phase shift may occur at 
some frequency near the ends of the band to make the feedback 
positive. One way of investigating this is to construct a diagrarST 
with Afi plotted as a vector, showing both its magnitude and phase 
angle. Figure 10.3 represents such a plot for the amplifier of 
Fig. 9.10 with two-tenths of the output voltage fed back to the 
input (P = +0.2). 

At middle frequencies the amplifier gain is —15, which with a P 
of +0.2 provides an Afi of —3. The diagram shows Has as a 
horizontal vector minus three units long. At the high-frequency 
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end of the band the amplification drops off and includes a lagging 
phase angle. At 100 kilocycles, for instance, the gain drops to 
13.5 (Aff drops to 2.7) and the phase shifts about 25 degrees. The 
diagram also shows the vector plotted for this frequency. In this 



Fig. 10.3. A polar plot of the quantity Aff for the simple R-C amplifier of 
Fig. 9.10 with a feedback loop having a /S of + 0.2- 

way a number of points for different frequencies are obtained, 
and a cur\"e showing the locus of the Ap vector is drawn. For 
this particular amplifier circuit the locus is a circle, and the curve 
cannot extend into the positive region because the phase shift is 
limited to plus or minus 90 degrees from the mid-frequency posi- 
tion. 

In a two-stage resistance-coupled amplifier the phase shift can 
approach 180 degrees (90 degrees per stage), and the polar diagram 
of AP becomes something like that shown by Fig. 10.4a. Here, 



Fig. 10.4. Polar plots showing the locus of A p for (a) an amplifier that will 
not oscillate, and (6) an amplifier that will oscillate at the hig her frequencies. 

the curve extends over into the poative region — at 100 kilocycles, 
for example, the phase shift exceeds 90 degrees although the ampli- 
fication has only dropped to one-third of the mid-frequency value. 
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It looks as though the curve might go dangerously near to the +1 
point, but it cannot reach it because the amplification drops to 
zero at the same time that the phase shift approaches 180 degrees. 
However, in the region where the curve comes close to the critical 
point, the value of A' may exceed the original amplification A. 

This can be seen in the curves of Fig. 10.5 for a two-stage R-C 



10c lOOc IKc lOKc lOOKc IMc 
Fig. 10.5. Curves showing the effect of negative feedback in improving the 
frequency and phase response of a two-stage R-C amplifier. 


amplifier. At each end of the frequency band the amplification 
with feedback actually exceeds the amplification obtained without 
feedback. The curve clearly shows the advantage of feedback in 
increasing the frequency band over which the amplification re- 
mains constant. The chart also shows the effective reduction of 
phase shift with feedback. 

Figure 10.46 shows an even more extreme case of phase diift. 
This diagram indicates a phase shift approaching 270 degrees at 
the high-frequency end (this might be caused by a transformer in 
a two-stage amplifier), and the curve encircles the critical point 
of +1. lius although the circuit was deagned for n^ative feed- 
back, at some frequency the feedback is purely positive with Ap 
greater than unity and oscillations occur. As a general rule, os- 
cillation always occurs when the polar diagram encircles tfie_critical 


One way of avoiding this difficulty is to reduce the value cl P 
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and feed back less of the output voltage. This reduces the size 
of the polar locus until the inter^tion with the positive axis falls 
imide the critical point. A lower value of ^3, however, also di- 
minishes the effectiveness of the feedback in improving the ampli- 
fier response in the frequency range of interest. 

Probably the most important point to gain from the preceding 
discussion is that feedback must be applied with care and intelli- 
gence. It is not a panacea for the ills of all amplifiers; properly 
designed circuits offer great improvements, but improper applica- 
tion may cause more harm than good. 

10.4 The Implications of Feedback 

The feedback principles just discussed need not be limited to 
amplifiers; they apply equally well to many mechanical and electro- 
mechanical control systems which employ a feedback loop to 
observe the effectiveness of the control. A thermostatically con- 
trolled heating system represents a simple example of such a closed 
control system. A thermostat obsen^es the output of the heating 
plant and turns off the system when the temperature rises above a 
predetermined value. The room then cools off, and at a second 
chosen lower temperature the thermostat again turns on the heat. 
This type of on-off system must always produce temperature 
oscillations because it is not continuously temperature sensitive. 
A better system uses proportional control in which the temperature- 
sensitive control reduces the heating-plant output in proportion 
to the temperature increase. Properly designed, a system of this 
type produces a constant temperature for a given set of external 
conditions, but all too often the system “hunts’^ and the output 
temperature oscillates above and below the desired value. 

The behavior of a proportional control system can be analyzed 
w-ith the aid of a polar diagram in exactly the same fashion as that 
discussed for amplifier feedback. In this particular case, an exact 
computation of the heat-flow problem would probably be impos- 
sible, but the behavior of the feedback loop could be observed 
experimentally at a number of different frequencies of the heating 
and cooling cycle. This would require enclosing the temperature- 
sensitive device and subjecting it to a sinusoidally varying tem- 
perature (representing the input to the feedback loop) and measur- 
ing the relative amplitude and phase of the room-temperature 
oscillations (representing the amplifier output). For such a system. 
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the frequencies of interest would be measured in cycles several 
minutes long, with the phase shifts normally lagging because of 
the thermal inertia of the system. The phase difference and the 
amplitude ratio between the input and output temperature oscilla- 
tion represent the quantity Afi to be plotted for each test fre- 
quency. At the critical frequency where the phase shift reaches 
180 degrees, the value of Afi must be less than unity; in other 
vrords, the amplitude of the room-temperature oscillations must 
be less than the applied-temperature oscillations. If not, the 
system will oscitlate. The advantage of this tjqje of analysis is 
that the test data provide the information necessary to correct 
the system should it be foirnd faulty. Inspection of the curve 
may show how the phase shift can be corrected or the feedback 
reduced to stabilize the operation. 

if the system includes an electrical linlc, it may be simpler to 
break the loop at this point so that the input and output can be 
observed electrically. For example, one electromechanical system 
for measuring the force on wind-tunnel models employs a mechani- 
cal linkage operating a beam whose position is observed electrically 
with the aid of a pair of phototubes. The amplified photocell 
output in turn operates an electromagnet to produce a restorii^ 
force that maintains the beam in the balance position. Since the 
restoring force is proportional to the electromagnet current, a 
simple ammeter reading provides a direct indication of the original 
force on the model. As originally constructed the system oscillated 
severely, but the installation of damping dashpots corrected the 
difficulty. From the standpoint of feedback theory this was equiv- 
alent to adding resistance to the system and reducir^ the phase 
shift below 180 degrees until the amplification around the loop 
became less than one. 

To observe this, the circuit could be opened between the photo- 
cells and the amplifier and small alternating voltages of different 
frequencies .applied to the amplifier input. The electrical photo- 
cell output compared with this input provides the data for the 
polar-diagram analyris. In this particular case the frequencies of 
interest lie in the vicinity of 1 cycle per sectmd. 

10.6 A Practical Feedback Circuit 

There are many different types of feedback circuits, but Kg. 
10.6 shows one of the amplest and most practical arrangements for 
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applying a portion of the output voltage to the input circuit. 
This circuit takes advantage of the fact that applying the feedback 
to the cathode instead of to the grid of the input tube amounts to 



Fig. 10.6. A practical feedback amplifier showing a portion of the output 
voltage applied to the cathode of the input tube. This is equivalent to ap- 
plying an equal voltage of opposite polarity to the grid. 


inverting the phase of ^8. It also makes the circuit design simple; 
applying voltage feedback directly to the grid usually involves 
circuit complications. 

Resistors Ri and R 2 effectively form a voltage divider across the 
output of the second tube, and a fraction Ri/iRi'^ R 2 ) of the 
output voltage returns to the input cathode. This voltage is in 
phase with the output voltage. For negative feedback the quan- 
tity Afi must be negative, and since A is positive for a two-stage 
amplifier, factor must carry the negative sign. Applying the 
feedback voltage to the cathode accomplishes this phase reversal 
because raising the cathode voltage is equivalent to lowering th e 
grid potential . 

In addition to providing the feedback, resistor Ri also produces 
the grid-bias voltage for the input tube. In Fig. 10.6 the circuit 
values are carefully worked out so that the plate current of the 
fiirst tube plus the direct current flowing through R 2 combine in Ri 
to provide the correct bias voltage. In many instances the circuit 
constants cannot be juggled to permit this, and a blocking con- 
denser must be inserted to remove the d-c component of current 
throu^ jSs. With this arrangement the designer can first choose 
Ri to provide correct bias, then compute R 2 for the correct value 
of feedback. The blocking condenser, of course, increase the 
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phase shift in the feedback loop and decreases the useful fr e- 
quency range. 

10.6 The Cathode Follower 

The unusual amplifier of Fig. 10.7 represents a circuit with so 
much feedback that the net amplification becomes less th ^ T ) unity. 



Fig. 10.7. The basic cathode-follower circuit. 

(Perhaps the term '^amplifier” would be appropriate.) Although 
this may seem as anomalous as a bird without wings, yet the 
cathode follower, as it is called, possesses definite characteristics 
useful in instrumentation. 

Qualitatively, the circuit operation is easy to understand. In- 
creasing the input voltage F, in the positive direction increases the 
plate current, which in turn increases the drop m Rl and rais^ 
the cathode potential. Lowering the input voltage drops the 
plate current and lowers the cathode voltage. Thus the cathod e 
follows the input voltage up and down, and the output remains in 
with the input. Hence the term cathode follower. The 
positive bias voltage Ecc offsets some of the voltage drop in 
to provide the correct net operating grid bias because the drop in 
Rl usually exceeds the required bias. 

A convenient analysis of the circuit is to consider this as an 
amplifier in which the load resistance Rl has been moved from 
the plate around to the cathode circuit. In this position the same 
plate current passes through iZz, as in a conventional amplifier, 
and the equation for the amplification A{Eq/E^ before feedback 
remains the same as for a conventional triode circuit except for a 
change in sign. 


A — 


(10.7) 
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The change in sign occurs because here Eq equals the voltage drop 
in Rl directly without subtraction from the supply voltage Ebb. 

This arrangement makes jS unity because the full output voltage 
Eq appears in the cathode circuit. Factor ^ is also negative because 
inserting -hEo in the cathode circuit amoimts to inserting —Eq 
in the grid circuit, as discussed in the pretious section. 

By placing this value for in the feedback equation (10.2), v:e 


obtain 


A ^ A 

.4 + 1 


( 10 . 8 ) 


Since A normally exceeds 10, Eq. (10.8) shows that A' closely 
approaches but always remains less than unity. Also A' is very 
stable; changing A from 30 to 40 changes A' from 30/31 to 40/41, 
a difference of only 0.8 percent. (7) 

The prime advantage of the cathode follower is^ extreme sta- 
bility, due to the large amount of feedbacEj ancr its ability to 
transfer the input voltage Eg, from which it draws no power, over 
to the load resistance Rl with only a slight loss in magnitude and 
with negligible distortion. This permits the construction of a 
vacuum-tube voltmeter, for example, which draws no power from 
the voltage being measured, but which accurately transfers the 
input voltage changes over to a measuring circuit consisting of Rl 
in series with a meter. 

We shall now develop an equivalent circuit for the cathode 
follower somewhat similar to the equivalent circuit for a triode. 
In so doing we shall consider Rl as a load resistor separate from 
the cathode follower itself and obtain an expression for Eq in 
terms of Ip. First we replace A in Eq. (10.8) by Eq. (10.7) 

^ rp+0^+l)i2i 

But A' represents the ratio between input and output voltages; 
Eq - A'Es. With A' replaced by expression (10.9), we get 

TP = iiRiEt 
^ rp + (/i + 1)Rl 

Rearranged to collect terms involving Rl, the equation becomes 

EiiifjL + 1)Eq — /xjEJ = — rpSJo (10.10) 

But Rl equals Eb/Ip. Therefore, 

f[Oi + l)Eo-fiE.] = -r^o 

■L D 


( 10 . 11 ) 
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After solving Eq. (10.11) for Eo, we obtain 

Since ^ is a dimensionless ratio, the first term following the equality 
represents a voltage and the second term an IR drop. Figure 10.8 



Fora6J5; t5,=l0,000; M=20 
r. 


7^=0.952; 7iIi=476Q 
Fig. 10.8. The equivalent circuit of a cathode-foUower amplifier. 


displays this relationship in a more st rikin g manner by means 
of a simple series circuit showing a voltage + 1) in series 

with a resistance rp/Ou+l). Inspection will verify that this 
circuit follows Eq. (10.12) and is thus equivalent to the cathode 
follower of Fig. 10.7. 

This equivalent circuit shows that a cathode follower acts to 
translate the input voltage, from which it draws no power, over 
to an equivalent generator with a low internal resistance from 
which power can be drawn. The circuit achieves this with little 
loss in voltage and with considerable stability because of the 
negative feedback employed. 

The equivalent circuit also simplifies the design of equipment 
employing a cathode follower. The vacuum-tube voltmeter dis- 
cussed in Chap. 16 illustrates an application of this. 


PROBLEMS 

An amplifier with an output voltage of 30 volts feeds back a voltage 
of 2 vol ts lagging the output by 30 deg. Ck>mpute p. 

The mid-frequency gain of a two-stage amplifier is 4-1,000. (a) Com- 
pute A' for the amplifier with a feedback loop providing &pof —0.01. (b) Re- 
compute A' under the as^impfion that chan^ng tubes dianges A to a new 
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value of 800. (c) Compare the per unit change in to the per unit change 
in A. 

10.3 An amplifier with a gain of 800 /30" is provided with a feedback loop 
in which ^ is —0.01. Compute A', and compare the new phase shift with 
the original value. 

^ The table below shows the amplification data for a two-stage ampli- 
fier including the phase shifts due to the cathode bias and screen-dropping 
circuits, (a) Plot a polar diagram for the factor A)3 if jS has a constant value 
of —0.02. (h) What is the maximum allowable magnitude of /3 if the feedback 
circuit involves no phase shifts? 


Frequency, 

cps 

A 

Frequency, 
kc per sec 

A 

10 

21/260° 

10 

2,800/-25° 

20 

120/200° 

20 


50 

850/145° 

50 


100 

1,900/100° 

100 


200 

2,700/55° 

200 


500 

5,000 

3,000/16° 

3,000/ -10° 

500 

34/- 165° 






CHAPTER 11 


RESONANCE AND TUNED AMPLIFIERS 

Resonant circuits and tuned amplifiers play an important role 
in the field of electronics. They provide the selectudty required to 
select a single signal from a group of signals of different frequencies, 
whether they are radio broadcasts or telephone messages on a long- 
distance line. Frequency selective circuits may greatly increase 
the sensitivity and reliability of a control system by disting uishing 
between the desired frequency and unwanted interference and 
background noise. Radio-frequency oscillators used to pro\dde 
high-frequency electrical energy for high-speed heat-treatment, 
wood gluing, and plastic molding are essentially tuned amplifiers 
with positive feedback. From an engineering standpoint, tuned 
power amplifiers are particularly important because they can be 
designed for efficiencies above 75 percent — ^high enough to merit 
the respect of a mechanical engineer. 

11.1 Series Resonance 

Figure 11.1 shows a simple series 
resonant circuit. The impedance of 
this circuit is 

Z^r+j{XL-Xc) ( 11 . 1 ) 

Here r is the total circuit resistance, 
usually only that of the inductance 
alone to keep the resistance low. Terms 
Xl and Xc represent the magnitudes 
of the inductive and capacitive re- 
actances in the circuit. Since one in- 
creases with frequency (Xl = 27 r/L) 
and the other decreases (Xe = 1/2t/( 7), 
there is always some particular fre- 
quency at which the two become equal and cancel. This defines 
the resonant frequency. At this point the impedance reaches a 
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minimum and the current a maximum. At resonance 

I, = r+J0=r (11.2) 

Ir= I =7 (11-3) 

The subscript r refers to the resonant condition. We can find the 
resonant frequency by equating Xl and Xc, the condition of 


resonance. 


2T/rL = 


fr 


1 

2rfrC 

1 

2tVIC 


(11.4) 


Factor Q. An important factor controlling the behavior of a 
resonant circuit is the ratio between the reactance and the re- 
sistance. This factor, called Q, is defined by the expression 


Q^Xi^2irfL 


(11.5) 


The reason for comparing the reactance of the inductor to the 
circuit resistance is that the coil provides the majority of this 
resistance because practical capacitors are nearly lossless. With 
particular care to keep the resistance low, the Q of a coil may be 
several hundred at moderate radio frequencies. 

The curves of Fig. 11.2 show the factor Q for a number of typical 
coils over a wide frequency range. Each curve shows a broad 
maximum and then drops off instead of increasing indefinitely 
with the frequency, as might be expected from Eq. (11.5). This 
happens because the effective coil resistance also increases with the 
frequency, slowly at first, but finally even more rapidly than the 
reactance. In iron-cored coils this results from the rapid increase 
in hysteresis and eddy-current losses in the core as the frequency 
is raised. In air-core coils the high-frequency skin effect which 
crowds the current to the conductor surface reduces the effective 
cross-sectional area and mcreases the resistance. 

At low audio frequencies the low inductive reactance of a given 
coil makes it diflieult to obtain a Q of above 50. Laminated iron- 
cored coils usually provide better performance for these frequencies 
than a coil of a similar physical aze without iron. In the high 
audio- and low radio-frequency region the use of powdered-iron 
cores reduce the aze of coil needed for a given inductance and 
permits obtaining rather high values of Q. These cores consist 
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100c lEc lOKc lOOKc IMc lOMc 1001 


Frequency 

(1) Zf = 1 h, laminated iron core (5) L = 300 fih, air core, No. 16 Cu wire 

(2) and (3) L = 20 mh, permalloy dustcore f6) Z = 10 #ih, sir core. No. 10 Cu wire 

(4) L = 500 ^h, air core, Litz ^Stranded} (7) L —2 fth, air core, No. 16 Cu wire 

Fig. 11-2. Curves showing typical values of factor Q at diOferent frequencies 

for a number of different inductors. 


of high-permeability iron alloy reduced to a fine powder, mixed 
with plastic, and molded to shape. This gives the equivalent of 
extremely fine laminations and reduces the eddy-current loss. 

For frequencies above about 1 megacycle, simple single-layer 
coils wound on cylindrical forms perform as well as more complex 
windings, although many different forms have been tried. Most 
communications handbooks give tables for computing the coil size 
and winding required to produce a given inductance. 

At intermediate frequencies between 100 kilocycles and 1 mega- 
cycle, either air-core or iron-dust-cored coils produce equally good 
results; the iron cores have the advantage of reducing the physical 
size of the inductor. In fact, some radio receivers are tuned by 
moving powdered-iron slugs into and out of the windings. 

Resonant Voltage Rise. It is especially interring to observe the 
value of the voltage Ex across one of the reactances at resonance. 

Ex = X Jr 

But from Eq. (11.3) Ir is Eq/v, and at r^onance Xl equals Xe- 
With these substitutio ns, we obtain 

QEo ) ( 11 . 6 ) 

This shows that the voltage across the condenser may be several 
hundred tim^ the applied voltage at the r^nant frequency. 
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However, this differs from the voltage step up of a transformer 
because any attempt to connect a load in parallel with Xc changes 
the circuit, throws it out of resonance, and reduces Ex to a small 
value. This resonant rise can be used in a vacuum-tube amplifier, 
however, because a vacuum tube requires no input power and 
does not disturb the resonant circuit. 

Off resonance the voltage drops rapidly and becomes even less 
than the applied voltage for frequencies sufficiently removed from 
resonance. 

Selectivity. At frequencies either side of resonance the capacitive 
and inductive reactances do not cancel [see Eq. (11.1)], the circuit 
impedance increases sharply, and the current drops rapidly, as 
shown by Fig. 11.3. Thus the circuit responds best to one particu- 



0.^ 1.0 1.05 1.1 

actaal fregceagy 
^ ““ resonant frequency 



0.9 0.95 1.0 1.05 1.1 


actual frequency 
“ resonant frequency 


Fig. 11.3. Curves showing the selectivity characteristics of a series resonant 
circuit for two values of Q. 


lar frequency (or narrow band of frequencies) and poorly to fre- 
quencies removed from the resonant value. For this reason the 
circuit is said to be frequency selective. 

Selectivity represents the relative ability of a circuit to select 
one frequency out of a number of frequencies in the applied volt- 
age. Figure 11.3 shows this property graphically for two dif- 
ferent values of Q. With a Q of 100 the circuit is quite sharply 
selective, and it discriminates against a frequency 5 percent away 
from resonance by a factor of 10. A Q of only 25 makes the curve 
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blunter and provides a selectivity about one-fourth as good — for 
a given ordinate the distance between two points on the curve is 
four times larger than for a Q of 100. 

11.2 Parallel Resonance 

Amplifiers usually employ parallel resonant circuits similar to 
that shown by Fig. 11.4. This circuit has selecthity properties 
similar to a series resonant circuit, but in many ways it behaves 
in reciprocal fashion; resonance produces TYiiniTmiTn curre nt and 
maximum impedance. 

The diagram of Fig. 11.4 actually shows a series-parallel circuit 



Fig. 11.4. A parallel resonant circuit. 

because the resistance appears in series with the inductance 
(assuming no resistance other than that of the coil itself). For 
this reason the analysis of its operation becomes more complex, 
and we shall content ourselves with an approximation. Figure 
11.5a shows a vector diagram of the parallel circuit at resonance. 
Current le leads the applied voltage by 90 degrees and current Iz, 



\^h 

(a) Bes(»iaiifie (b) Above lescmanee 
Fig. 11.5. Vector flifl. gr fl.Tn for the parallel circuit of Fig, 11.4. 
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lags by an angle approaching 90 degrees more closely than indi- 
cated by the diagram. At a particular frequency where Ic and 
the vertical component of II (practically equal to II itself) become 
equal, the current lo reaches a ver}" small value in phase with the 
applied voltage and the circuit appears as a high resistance R to 
the voltage source. This contrasts with the series case which 
appeared as a very small resistance at resonance. 

At frequencies different from resonance, II and Ic no longer 
balance and h increases, as shown by Fig. 11.56. The impedance 
therefore drops off rapidly on either side of the resonance point, 
as shown by Fig. 11.6 for two values of Q. As wdth the series 



0.85 0.9 0.95 1.0 1.05 1.1 US 

/ _ actoal freqnepcy 
ff resonant £requenigr 


Fig. 11.6. Impedance curves illustrating the selectivity characteristics of a 
parallel resonant circuit. 

circuit the higher Q produces the sharper resonance curve; the 
width of the curve at any point near resonance is nearly inverse ly 
proportional to Q. 

To compute the impedance of the parallel circuit at resonance, 
we use the usual inverse rule for parallel circuits 

i 

Z T+jXl —jXe 

1 _ r-jXL , 3 

z t^ + xVXc 

Z 7^ + XVAXc t^ + XV 


( 11 . 7 ) 
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The second equation came from multiplying the numerator and 
denominator of the first term the conjugate (r — jXl). 

At resonance the circuit impedance becomes purely resistive. 
For this to be so the second term of Eq. (11.7) must vanish to 
leave no reactive component. Therefore, 


1 _ Al 
X r- 4- Xi 


( 11 . 8 ) 


For a Q greater than 10 the quantity XI exceeds r- by a factor of 
100, and with little error we can neglect the terms in Eq. (11.8). 
This gives as the condition of resonance 

1 1 



X. == -Yi 
Xc ^ Yi 


This corresponds to the definition of resonance for the series circuit 
and therefore the resonant frequency is given closely by 


fr 


27rVLC 


(11.4) 


i We can obtain an approximate value for the impedance at 
resonance by neglecting From Eq. (11.7) wdth t he^/ component 
equal to zero at resonance,^ we obtam 

1 r 

Zr^Xl 

Xl!r = QXl (11.9) 

This shows that the parallel resonant impedance greatly exceeds 
the circuit reactance, although it drops off rapidly on either side 
of the resonant frequency. 


11.3 Function of the Resonant Circuit in a Tuned Amplifier 


Figure 11.7 shows the circuit diagram for a simple tuned ampli- 
fier using a pentode. A pentode reduces the feedback by practically 



Fig. 11.7. Basic circuit diagram for a tuned amplifier. 
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eliminating the grid-plate capacitance, and it also provides more 
amplification than does a triode. The only difference between the 
circuit of Fig. 11.7 and a normal pentode audio amplifier is the 
substitution of a parallel resonant circuit for the load resistance. 
In fact at resonance the circuit operates exactly as though it had 
a reastance load equal to QXl because at this frequency the parallel 
circuit presents a pure resistance to the tube. 

Sehdivity. From Eq. (4.19) giving the amplification of a pentode 
circuit 

A = -g^L - (4.19) 

Therefore the amplification cur\'e shown by Fig. 11.8 exactly fol- 
lows the impedance curve of Fig. 11.6. With a reasonably high Q 



Fig. 11.8. Frequency-response curve for the tuned amplifier of Fig. 11.7. 

the circuit amplifies a narrow band of frequencies well, but other 
signals differing appreciably from the resonant frequency receive 
little amplification. ■ This provides the selective amplification used 
in radio receivers to select one particular station from a signal 
containing a large number of programs transmitted at different 
frequenci^. A single tuned circuit cannot ordinarily accomplish 
this; the process is repeated three or more times to obtain suf- 
ficient selectivity. 

Increased Load Impedance. At high frequencies a tuned circuit 
is necessary to obtain a reasonable amount of amplification despite 
the need for selectivity. The discussion of the R~C amplifier 
points out that unavoidable shunt capacitance makes it difficult 
to obtain a reasonably laige load impedance at the higher fre- 
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quencies. For example, the reactance of a 30-micromicrofarad 
capacitance at 10 megacycles is but 530 ohms, and this in shunt 
with a load resistor produces an even lower value of load imped- 
ance. With a typical transconductance of 1,500 micromhc^ the 
amplification computed from Eq. (4.19) turns out to be less than 
unity — hardly a satisfactory state of affairs. By Tn^kiTig this 
stray capacitance part of the tuning capacitance of a parallel 
resonant circuit, however, we can obtain a large load impedance 
and correspondingly high gain. With a total capacitance of 80 
micromicrofarads (30 micromicrofarads plus a variable condenser 
of 50 micromicrofarads) in parallel with a coil having a Q of 
only 100, the resonant load impedance becomes QXl, or 20,000 
ohms when timed to resonance at 10 megacycles. A load im- 
pedance of this magnitude will provide a gain of about 30 with 
t 3 q)ical pentodes used in class A tuned amplifiers. 

Restoration of Wave Form. In audio powder amplifiers the most 
effective design strikes a compromise betw’een maximum output, 
good efliciency, and minimum distortion. A tuned pow’er ampli- 
fier, however, can amplify a single frequency only (or very narrow 
band), and the s elective properties of the tuned circuit practicall y 
e liminate any amplitude distortion produced by the tube itself. 
This permits operating the circuit with little regard for distortion 
to obtain plate-circuit eflSciencies as high as 80 percent. 

Figure 11.9 shows a quantitative analysis of this wave-form 
restoration. We shall assume the vacuum tube to be biased be- 
yond cutoff (class C operation) with a large sinusoidal volt^e 
applied to the grid. Plate current flows less than half the time 
and the plate-current wave form looks like the tips of sine waves 
shown by Fig. 11,96. A harmonic analysis of this terribly dis- 
torted wave (Fig. 11.9c) shows a second harmonic more than half 
the size of the fundamental, with appreciable third and fourth 
harmonics. 

In Fig. 11.9d a curve of load impedance against frequency shows 
the characteristics of the load impedance through which the plate- 
current pulses pass. This tuned circuit presents a large impedmce 
to the fundamental component of plate current (7^^), but the 
impedance to the harmonics is very much smaller, even with a 
circuit Q as low as 

Figure 11.96 shows the different harmonic components oi the 
resulting plate voltage. Each is computed from the product of the 
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corresponding plate-current component by the load impedance at 
that particular frequency. Thus, although the plate current con- 
tains about 50 percent of second harmonic, the low load impedance 
at this frequency produces a second-harmonic voltage drop less 



(b) Plate current wave - (c) Amplitudes of harmonics of 




Practically undistorted (e) Harmonic components of 

output voltage - computed from (c) and (d) 


Fig. 11.9. This series of diagrams illustrates how the resonant load circuit in 
a tuned amplifier restores the sinusoidal output wave form despite distortion of 
the plate-current wave. 

than 2 percent of the fundamental output voltage. The higher 
harmonics drop completely out of the picture, and the output 
voltage wave of Fig. 11.9/ looks practically distortionless. 

This resonant circuit has a mechanical model in the clock 
pendulum energized by force pulses, yet which (filiates back and 
forth with nearly sinusoidal motion. The pendulum provides the 
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energy storage required to smooth out the input pulses into simple 
harmonic motion. This storage takes place in two forms, kinetic 
energy’' which is maximum when the velocity is greatest, and po- 
tential energy which reaches a maximum at the ends of each 
swing. Similarly, in the tuned circuit the storage occurs in the 
magnetic and electric fields of L and C. At the moment of peak 
voltage and zero current the energy is all stored in the capacitance, 
while at the current maximum the magnetic field receives the 
energy. 

11.4 Tuned Power Amplifiers 

The ability of a tuned circuit to restore the sinusoidal wave shape 
simplifies the problem of obtaining high-eflficiency operation be- 
cause plate-current distortion no longer limits the design. 

Plate Efficiency, The plate efficiency of both the triode and 
pentode amplifiers discussed in Chap. 9 was poor. Figure 11.10 




Fig. 11.10. An aid in the analysis of amplifier-plate effidmicy. 


aids our analyBis of this fact. At an instant h the ordinate C 
represents the plate-supply voltage because the d-c drc^ in the 
tuned circuit is negligible. At thfe same instant B represents the 
voltage drop across the load impedance, while A is the vcdta^ 
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drop across the tube itself. The momentary power relations are 

Power input = C(fb) 

Power loss in tube = A{i^ 

The power output to the load equals the input minus the loss. 

Power output = C(4) — ^4(4) = B(i^ 

The instanianeous efficiency is therefore 

. output B(it) B in\ 

At the moment shown by Fig. 11.10 the efficiency is about 
60 percent; at the plate current peak it is even higher, but away 
from this optimum point the efficiency drops off rapidly. The 
average efficiency, of course, must be obtained by properly weight- 
ing and averaging the instantaneous values, but in no case can 
the average efficiency exceed the peak instantaneous efficiency. 
Fortunately, however, it may approach the maximum because the 
plate current is largest and the maximum amoxmt of power flows 
at the efficiency peak. This immediately suggests two ways o f 
i mproving the am plifier performance : (1) operate with as large 
a plate-voltage swing as possible to make B approach C at the 
bottom of the swing; ^ allow plate current to flow only for a 
short time during the period of high efficiency. These considera- 
tions dictate the choice of a class C amplifier for efficient power 
amplification of a single frequency. 

Class C Wave Forms. Although the circuit diagram of Fig. 11.11 
for a class C amplifier looks just like the diagram for a class A 
circuit, the important difference is in the relative sizes of the 
voltages applied. For class C operation, bias voltage Ec exceeds 
cutoff and plate current flows for less than half a cycle of the ap- 
plied alternating grid voltage. Thus power flows only during the 
period of high efficiency, which keeps the average efficiency up to 
75 percent or more. To obtain this good efficiency the peak value 
of the alternating grid voltage must exceed the grid bias to make 
the net grid voltage positive during most of the conducting period. 
This aids the plate in attracting the electron stream and allows a 
large plate current to flow with a low plate voltage. 

Driving the grid positive produces grid current flow, as shown 
by the wave forms of Fig. 11.11. This necessitates a power ampli- 



RESONANCE AND TUNED AMPLIFIERS 


193 


fier to provide the grid driving power, but this is usually a small 
price to pay for the good efficiency obtained in the class C stage. 
The effect of grid current in distorting the input voltage wave is 


H 



(a) Gircoit diagram 



JA‘ A 

(c) Plate current 



(d) GrM voltage 


(e) Grid currmt 

Fig. 11,11. Circuit <lifl.gra.Tn and wave forms for a class C tuned amplider. 

unimportant because the output tuned circuit removes the har- 
monics and saves only the fundamental component. 

Power Output. The inductively coupled output coil of Fig. 11.11 
suggests one method of removing the power output of the ampli- 
fier. Since this circuit contains no iron, only a small fracticm of 
the fiux produced by L links the output coil. Consequently, the 
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approximations involved in developing the transformer-imped- 
ance-matching concept of Chap. 9 no longer hold. A more con- 
venient concept is to imagine that the power actually transferred 
to the secondary is absorbed in an equivalent resistance in series 
with L. This reflected resistance makes the effective Q of the 
circuit less than that of the inductor itself, and resistor r represents 
the actual coil resistance plus the reflected resistance. 

To obtain high eflSciency in transferring energy to the secondary, 
the primary" Q must be as high as possible to minimize the true 
coil resistance. The coupling is then designed to make the ef- 
fective circuit Q (Xl didded by the sum of the coil and the re- 
flected resistance) as low as permissible (about 12). This makes r 
relatively large, and the coil resistance becomes small by com- 


parison. 

Class C Limitations. Despite the attractive eflSciency of a class 
C circuit its application is distinctly limited to cas es involving th e 
amplification of a single frequency of constant amplitude. The 


tuned circuit imposes the frequency restriction, and the extremely 
large bias imposes the second. With a bias beyond cutoff, alter- 
nating input signals below a limiting value produce no output. 
Figure 11.12 shows this condition. Above the limiting value the 



Fig. 11.12. Class C amplifier with in- Fig. 11.13. A curve showing the 
sufficient input signal. nonlinear relation between the 


effective input and output volt- 
ages of a class C amplifier. 

relationship between the input and output amplitudes is not 
linear; the curve usually takes the shape of Fig. 11.13. For this 
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reason it cannot properly amplify the modulated voltages discussed 
in Chap. 13. 

These restrictions make the class C amplifier appear to be of 
limited usefulness. However, all radio transmitters employ them, 
and most oscillators for pro\fiding radio-frequency power are essen- 
tially self-excited class C amplifiers. 

Grid-leak Bias. The term grid-leak bias refers to a system of 
obtaining the grid bias by passing the grid current through a 
resistor, as shown by Fig. 11.14a. A convenient analysis is to 


(a) (b) 

Fig. 11.14. Alternate methods of obtaining grid-leak bias in an amplifier 
which draws grid current. 

consider the grid circuit as a half-wave rectifier with resistance 
load Rg shunted by smoothing capacitor Cg. The rectified and 
smoothed direct voltage developed across Rg approaches the peak 
value of the alternating grid voltage and provides a bias voltage 
of the correct polarity and magnitude to allow the grid-cathode 
voltage to become positive for a short period at the peak ci each 
cycle. Compared with fixed bias from a battery or rectifier, this 
arrangement has the advantage of being self-adjusting. The bias 
automatically compensates for small changes in the alternating 
grid voltage and keeps the circuit operating at top eflBciency. 

Figure 11.146 shows another grid-bias arrangement. In this cir- 
cuit Cg blocks the d-c component of grid current and forces it 
through Rg. Without inductor Lg the full alternating grid voltage 
appears across Rg and both an alternating and a direct component 
of current pass through it to produce a power loss. However, Lg 
presents a high reactance to the flow of alternating current with<Hit 
affecting the d-c component and thus reduce the power loss in 
the resistor. 

Grid-leak bias has the definite disadvantage of allowing the 
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plate current to rise to a destructively large value should the input 
excitation fail. This danger can be eliminated by arranging a relay 
to remove the plate supply voltage when the input signal fails. 

PROBLEMS 

^ ILl) Curve 5 of Fig. 11.2 shows the Q of a coil consisting of 40 turns of 
NoTTG copper wire on a 6-m.-diameter form, (a) Compute the radio-frequency 
resistance at a frequency of 1 megacycle. (6) Compare this to the d-c re- 
sistance of the coil. 

11^ A series resonant circuit with a Q of 200 has an impedance of 10 oluns 
at^EKe^ 1,000-kc resonant frequency. For a constant applied voltage of 0.1 
volt^ compute Ee at resonance and at 950 kc. 

A pentode tuned amplifier is designed to provide a gain of 100 at a 
frequency of 2 megacycles. The coil Q is 200, and gm equals 1,500 jLunhos. 
Determine the values of L and C required for the resonant circuit. 

11.4 A class C amplifier operates with a plate supply voltage of 2,000 volts, 
an alternating plate voltage of 1,250 volts, and a peak instantaneous current 
of 0.6 amp. Compute the Tnayimiim instantaneous amplifier efficiency. 

11.6 The amplifier of Prob. 11.4 operates with an average plate current of 
0.15 amp and a resonant load impedance of 7,000 ohms. Compute the power 
output, the power input, and the average plate efficiency of the tube. 

11.6 The parallel resonant tank of the amplifier of Prob. 11.6 has an 
over-all Q of 15 which is much lower than the coil Q of 200 because of the 
resistance reflected into the circuit by the load. Compute (a) the required 
coil reactance, (6) the actual coil resistance, and (c) the total effective re- 
sistance. (d) From these resistances, compute the tank efficiency. Tank 
efficiency is the ratio between the power delivered to the reflected resistance 
as compared with the total a-c input from the tube. 

11.7 A class C amplifier with the grid-leak bias arrangement of Fig. 11.14a 
requires a bias of 200 volts and draws an average grid current of 25 ma. To 
provide a sufficiently smooth bias the time constant of the bias circuit must 
exceed 10 cycles. Compute Rg and Cg for a frequency of 6 megacycles. 
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OSCILLATORS 

_AlN oscillatok is an electronic de'V’ice for producing an alternat- 
ing power output without the use of mechanical moving parts. 
In a sense an oscillator acts as a converter of electrical energy 
from d-c form into an alternating output of controllable frequency. 
The electronic circuit accomplishing this result usually consists 
of an amplifier with positive feedback, a sort of self-excited ampli- 
fier that sacrifices part of the power output to produce its own 
input. 

Oscillators perform many functions. They may be designed to 
produce alternating voltages of any frequency from a fraction of a 
cycle per second up to many billions of cycles per second, and a 
large number of different circuits have been evolved to cover this 
wide frequency range. Some, designed specifically for efiScient 
power conversion, provide the high-frequency energy used for the 
induction heating of metals and the dielectric heating of poor 
conductors. These power oscillators usually sacrifice frequency 
stability and perfection of wave form in the interests of flexibility 
and efl&ciency. Other types of circuits provide especially good 
frequency stability. Each radio transmitter contains a crystal- 
controlled oscillator maintained at constant temperature for the 
sole purpose of producing an output frequency accurate to within 
about 10 parts per million. On the other hand, flexible laboratory 
oscillators controlled by a simple dial provide any desired fre- 
quency in the audio and supersonic bands with a frequency 
accuracy of about 1 percent and with a sinusoidal wave form con- 
taining only a few tenths of 1 percent distortion. 

12.1 Power Oscillators 

A power oscillator consists essentially of a class C timed amplifier 
with a portion of the output voltage returned to the input as 
positive feedback. This arrangement produces a simple circuit 
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that works extremely well despite the fact that a complete quanti- 
tative analysis of its operation is practically impossible. 

To understand the feedback arrangement in an oscillator of this 
type, we shall investigate the circuit of Fig. 12.1, which shows a 



Fig. 12.1. A class C amplifier with a tapped resonant load. 


conventional class C amplifier with grid-leak bias but with a 
timed plate circuit (commonly called the tank) tapped at some 
point along the inductance. From the standpoint of the tube this 
circuit remains in resonance regardless of the position of tap a. 
To show this we shall first imagine a to be at the bottom of the 
coil. The circuit now becomes the normal parallel resonant circuit 
for which the total inductive reactance closely equals the capaci- 
tive reactance. 

Xi + X2-Zc (12.1) 


With tap a at the position shown on the diagram, the circuit 
consists of an inductive reactance X\ in parallel with a capacitive 
reactance Xc — X% since Xc exceeds Xz in magnitude. For reso- 
nance the parallel reactances must be equal. 

X^ = Xc - X 2 (12.2) 

But this is identical to Eq. (12.1); so the circuit is resonant for 
both connections, and the class C amplifier operates in much the 
same fashion as with a normal resonant load. 

The purpose of tapping the circuit at point a is to provide an 
alternating voltage E% suitable for replacing the input voltage Eg. 
Since a single-stage amplifier produces a phase shift of 180 degrees, 
the voltage fed back to the input must be shifted another 180 de- 
grees to obtain positive feedback. The vector diagram of Fig. 12.2 
shows that is indeed nearly 180 degrees out of phase with E^. 
Current 1% leads Ep by an angle B that approaches 90 degree but 
does not quite reach it because of resistance in X 2 . The voltage 
across X 2 likewise leads the current throu^ it by an angle 4> 
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that approaches a right angle. Consequently, voltage leads Ep 
by nearly 180 degrees. This analysis neglects the effect of nautual 
inductance between Xi and X 2 , jVIutual inductance improves 



Fig. 12.2. A vector diagram showing that E 2 is nearly 180 degrees out of 
phase with Ep. 

matters, but the circuit vill work perfectly well with Xi and X 2 
constructed as separate coils. 

Hartley Oscillaior Circuit. Figure 12.3 shows a slight rearrange- 



ment of Fig. 12.1, but with now serving as the grid voltage. 
This arrangement is called a Hartley oscillator. Capacitor Cg 
blocks off the d-c plate voltage while allowing the alternating 
component to pass to the grid. Resistor Rg tc^ether with Lg 
provides bias in the manner discussed in Sec. 11.4. 

The oscillations start immediately upon application of the d-c 
plate voltage. Initially, the bias is zero because grid current must 
flow to produce a voltage drop in Rg. Application of the plate 
voltage therefore causes a sudden flow of plate current which 
excites the resonant circuit into oscillations. The alternating 
voltage Eg then produces an alternating component of plate current 
that mflintainR the oscillations of the resonant circuit, which in 
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turn produce the requisite input, etc. The first feeble oscillations 
produce only a small grid current and correspondingly low bias 
voltage so that the tube works in the class A region above cutoff. 
Under these conditions the feedback is larger than necessaiy, and 
the unstable oscillations increase in magnitude until limited by 
the increased grid bias. This shifts the operation down into the 
class C region and effectively reduces the net amplification by re- 
ducing the period of plate-current flow. The output stabilizes at 
the point where the circuit pro'vddes just sifficient output voltage 
to maintain the necessaiy input (Ap = -H). The tuned circuit 
controls the frequency of oscillations, and the operating frequency 
nearly equals the natural resonant frequency. 

With this class C operation the circuit converts the d-c input 
power into an alternating output with an efficiency approaching 
70 percent. This is less than the efficiency of a good class C 
amplifier because the circuit must pro\dde its own grid driving 
power. 

The diagram of Fig. 12.4 shows a slightly different version of the 



Rg 

Fig. 12.4. Shunt-fed Hartley oscillator circuit. 

Hartley circuit. This is called shunt feed because the direct com- 
ponent of the plate current does not pass through the tank circuit 
as it does in the series-fed circuit of Fig. 12.3. In the shunt-fed 
circuit the large inductive reactance of Lp forces the alternating 
components of plate current to pass to the tank through blocking 
capacitor Cp, This removes the direct voltage from the tank 
circuit, which may be an important consideration for a power 
oscillator operating from a plate supply of several thousand volts. 

Colpitis Osdllaior. The Colpitts circuit of Fig. 12.5 shows an- 
other basic type of oscillator similar to the Hartley but with the 
tuned circuit tapped by splitting the capacitor into two sections. 
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This provides a feedback voltage of proper phase in almost the 
same fashion as does the tapped inductor of the B[artley oscillator. 
The Colpitts circuit has the disadvantage that two adjustable 



Fig. 12.5. Colpitts oscillator. 


capacitors are required for adjusting the resonant frequency. For 
this reason most oscillators designed to cover a range of frequencies 
employ variations of the Hartley circuit. In other respects there 
is little to choose between the two arrangements. 

12.2 High-frequency Heating 

An increasingly important application of power oscillators is the 
generation of power for radio-frequency heatiug. While this is an 
expensive method of obtaining heat, it offers advantages of speed 
and control that make it worth while for many specialized jobs. 
For example, the production of tin plate with electroplating, fol- 
lowed by induction heatiug to momentarily melt the tin and close 
the surface pores, produces a satisfactory coating with only one- 
third of the tin required by the old hot-dipping process. 

There are two different tyi)es of radio-frequency heating: induc- 
tion heating and dielectric heating. Induction heating must be 
employed to heat electrically conducting materials because it op- 
erates on the eddy-current principle. Dielectric heating provides 
a method of heating nonconductors by means of the power loss 
in such materials when subjected to intense alternating electric 
fields. 

Induction Heating. The useful frequency range for induction 
heating extends from less than 5 kilocycles to several hundred 
kilocycles, depending upon the application. The lower frequencies 
are used for heating large metallic mas^ in an inducticm furnace 
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where the whole volume must be brought to a high temperature. 
Rotating machinery often supplies the relatively large power re- 
quirements of such installations. Power for the higher frequency 
installations, however, comes from vacuum-tube oscillators. 

An advantage of using higher frequencies, as suggested by 
Fig. 12.6, is that the high eddy-current density near the outer 

surface confines the majority of the 

• heating to the surface. This rapid 
surface heating followed by quench- 
ing makes it possible to produce 
quickly a casehardening that would 
require much longer treatment by 
conventional methods. Proper fre- 
quency choice for a given shaped 

Relatively uniform eddy- ^ x i .-l i. j 

current flow at low frequencies piece oi worJi controls tne narclen— 

ing depth, and the whole process can 

© be carried out continuously by pass- 
ing the parts on a moving conveyer 
through the high-frequency coil. 
Convenience, speed, and relatively 
low heat waste make the process ecor 
nomically feasible despite the high 
cost of heating per unit of energy. 

(b) Surface concentration of eddy- Induction heating also doCS a par- 
current flow at higher frequencies ticularly neat job of brazing am all 

Fig. 12.6. Eddy-current flow parts. The assembled parts, treated 
in a round bar which is placed ^th flux and with a length of braz- 
^^coil carrjing alternating ^ ^ fashioned to fit closely to 

the areas where brazing is desired, 
are placed in an induction heating coil with power applied for 
a predetermined period just sufficient to melt the wire and join 
the metal pieces. The absence of flame makes it easy to process 
the work in a reducing atmosphere if required, and the resulting 
clean product needs little further work to make it presentable. 

The Colpitts oscillator can be adapted to the production of 
heating power by making the heating coil part of the total circuit 
inductance, as shown by Fig. 12.7. Since this coil carries the heavy 
tank current- (abou t Q times the alternating plate current) , it 
produces a strong alternating magnetic field and rapidly heats the 
work. Of course, placing the metal work inside the heating coil 


(b) Surface concentration of eddy- 


in a coil carrying alternating 
current. 
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does change the inductance and affects the oscillator frequency 
somewhat. With a Hartley circuit, however, the work coil would 
necessarily have to be placed to one side of the inductance tap; 



Fig. 12.7. An adaption of the Colpitts oscillator tank circuit to induction 
heating. 


placing the work in the coil would change the balance between the 
two portions of the inductance and seriously affect the circuit 
operation. 

Dielectric Heating. Dielectric heating refers to the heating pro- 
duced in nonconductors (dielectrics) subjected to a strong alter- 
nating electric field. The molecules of insulating materials are 
more or less polar; that is, the centroids of the positive and negative 
charges have slightly different positions which, from the electrical 
standpoint, make each molecule equivalent to one positive and 
one negative charge separated by a flexible lever arm. In a steady 
electric field the forces on the charges produce a turning moment 
tending to align the molecule with the field and actually stretch 
it, but this is opposed by the thermal agitation which continually 
upsets the orientation. With an alternating electric field the mole- 
cules oscillate rapidly, their force reactions with one another add 
to the general confused motion, and the energy lost produces a 
temperature rise. 

As with induction heating, dielectric heating produces the heat 
in the material itself, which makes it possible to raise the tempera- 
ture rapidly. To obtain dielectric heating the work is placed 
between a pair of metal plates connected to a high-frequency oscil- 
lator capable of supplying a high voltage. Figure 12.8 shows a 
typical arrangement, with a sandwich of two wood slabs and glue 
placed between a pair of parallel electrodes for the purpose of 
heating and setting the glue. This problem is essentially that en- 
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countered in the production of plywood. With externally applied 
heat it is impossible to heat the glue line rapidly without scorching 
the outer wood surface because all the heat has to pass throu^ 

^ Electrode 

Wood 

"^Glue line 

- Electrical 
connection 

Fig. 12.8. Dielectric heating of wood to set a glued joint. 

the wood to reach the center. With dielectric heating, however, 
heat generated directly in the wood and glue heats the center 
rapidly while the heat removed from the outer surfaces keeps them 
relatively cooler. This greatly reduces the time required to set 
the glue and permits dielectric heating to compete with less ex- 
pensive forms of heat energy. 

An analysis of the energy loss in a uniform dielectric between 
two parallel electrodes shows that the heat produced per unit 
volume is 

(12.3) 



In this equation / is the frequency, E the voltage between plates, 
d the plate spacing in centimeters, € the dielectric constant, and 
pf represents the power factor of the material. Here, as elsewhere, 
the power factor is the cosine of the phase angle between the ap- 



terial. To produce suflScient heating with a voltage below the 
sparking potential requires the use of frequencies well above 


1 megacycle per second. At 13 megacycles (one of the frequencies 


re^rved for dielectric heating by the Federal Communications 
Commission) a typical heating application will require an applied 


voltage of several thousand volts. 


12.3 Oscillators for Frequency Control 

Ordinary power oscillators are not particularly stable devices; 
the frequency of oscillation approximately equals the natural fre- 
quency of the tuned circuit, but load changes, replacement of 
tubes, and d-c supply voltage variations all affect the frequency to 
some extent. In addition to this the resonant circuit itself ex- 




OSCILLATORS 


-205 


pands when heated by the power losses. This affects the induct- 
ance and capacitance and makes the frequency dependent upon 
the temperature. 

For these reasons the frequency of a large power oscillator may 
change several percent when the load is applied, but a small un- 
loaded oscillator of the same type with special attention paid to 
the mechanical stability of the parts may hold the frequency to a 
few tenths of 1 percent. While this may seem good compared 
with the ordinary accuracy of voltage and current measurement, 
much better frequency control than this can be obtained. 

The need for excellent frequency control extends to both com- 
munications and timing. In the broadcast band, for example, the 
stations occupy a frequency space about 1 percent vide; if they 
are not to transgress into the next channel, the frequency must be 
held to a tiny fraction of 1 percent. At higher frequencies the 
number of communications carried by a given frequency band de- 
pends essentially upon the accuracy with which each frequency 
can be maintained by each transmitter and selected by the 
receivers. Timing also requires precision frequency control. The 
best standards of time are now crystal-controlled oscillators; for 
example, station WWV operated by the TJ.S. Bureau of Standards 
continuously broadcasts frequencies accurate to within 1 part in 
10 million. 

The frequency control in these precision oscillators comes from a 
vibrating mechanical element, rather than from a tuned circuit, 
because a mechanical oscillator provides much stiff er control; 
in effect it has a much higher Q. A comparison of mechanical 
and electrical resonance curves shows that a well-designed me- 
chanical oscillator (a tuning fork, for example) may possess an 
equivalent Q of over 10,000. In fact a quartz crystal mounted in 
vacuum to reduce the air damping may reach a Q of several 
hundred thousand. 

Of course these mechanical elanents change their physical di- 
mensions with the temperature, and it is necessary either to make 
them temperature compensated or to operate them in a constant- 
temperature chamber. The most precise frequency standards do 
both. 

Figure 12.9 shows the circuit diagram for a simple crystal 
oscillator. The tuned plate circuit does not control the frequency 
but merely provides a conveniently adjustable load impedance. 
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Feedback takes place through the grid-plate capacitance (at radio 
frequencies), and Lg and Rg pro^dde the bias when the circuit 
oscillates and draws grid current. The circuit operation depends 



Fig. 12.9. A simple crj'stal oscillator circuit. 


upon the piezoelectric property of quartz. Many other crystals 
also exhibit this effect. 

The term piezoelectric refers to the generation of an electro- 
motive force between the faces of a cr^’^stal when pressure is ap- 
plied. Conversely, application of voltage to the crystal faces 
produces a corresponding mechanical distortion. Placing metal 
electrodes on the crystal face makes it possible to obtain an electro- 
mechanical coupling between the vacuum-tube circuit and the 
crystal itself. An alternating voltage applied to the electrodes 
produces mechanical vibrations of the quartz, and at the resonant 
frequency the vibrations are particularly strong. From the electri- 
cal standpoint the crystal-electrode assembly appears as a sharply 
resonant circuit capable of controlling the frequency of oscillations. 

Quartz makes a particularly good resonator because of its chemi- 
cal and mechanical stability. It is hard and reasonably strong, 
and its temperature coeflScient of expansion is -rather low; in fact, 
suitable orientation of the crystal dimensions with respect to the 
crystalline structure produces a resonant frequency independent 
of the temperature over a reasonable range. This stability, to- 
gether with the high equivalent Q provides a frequency accurate 
to within 100 parts per million without difficulty. Additional re- 
finements improve the stability. 

The crystal size varies with the frequency. For low frequencies 
of about 100 kilocycles the crystal is often in the form of a rec- 
tangular bar an inch or two long. At higher frequencies a thin 
quartz slice about the size of a postage stamp serves as the resonant 
element. Above about 30 megacycles the crystal becomes too 
thin to withstand the necessaiy vibrations, and harmonics must 
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be employed. Stable fixed audio-frequency oscillators usually 
employ tuning forks because the necessaiy size of quartz bar be- 
comes too great. 

12.4 Wide-range Oscillator 

In contrast to the precise single-frequency crystal oscillator, the 
wide-range oscillator provides, at the turn of a dial, any desired 
frequency wfithin a broad band. A necessary piece of equipment 
in any properly equipped laboratory, this de\fice finds its use in 
testing the frequency response of amplifiers, for measuring unkn own 
frequencies by comparison methods, and as a low-power source 
of alternating voltage. 

Radio-frequency oscillators of this type commonly employ a 
simple Hartley circuit with a variable capacitor to cover a fre- 
quency range of about 3.5 to 1 and a band switch similar to that 
of radio receivers to change the value of the inductance in steps. 
Such signal generators, as they are called, greatly aid the testing 
and servicing of radio equipment. 

Tuned-circuit oscillators for the audio-frequency band require 
large values of inductance and capacitance which are bulky and 
not conveniently adjustable. Consequently, other types of oscilla- 
tor circuits have been developed. One of the best of these is the 
resistance-capacitance, or R~C, oscillator of Fig. 12.10. * 


Positive Negative 

feed-back feed-back 

circuit circuit 



Fig. 12.10. Functional diagram of an R-C oscillator to show the two feedback 
loops. The actual amplifier details have been left out. 

This circuit has been made to cover frequencies from below 
1 cycle per second up to several megacycles. A typical com- 
mercial model for the audio and supersonic bands covers from 20 to 
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200,000 cycles in four decades controlled by a single dial and band 
switch. The frequency stability is good, and the accuracy of 
setting the frequency depends to a large extent upon the mechanical 
stability of the variable tuning capacitors; 1 percent is a common 
figure. The oscillator also produces an especially pure wave form 
with less than 0.5 percent of harmonic distortion. 

The R-C oscillator consists of a two-stage resistance-capacitance- 
coupled amplifier with two feedback circuits. The diagram of 
Fig. 12.10 omits the familiar amplifier details to concentrate atten- 
tion on the feedback arrangement. Resistors R\ and provide 
negative feedback to the cathode of the input tube; since no 
reactances are included, the negative feedback is independent of 
the frequency, as shown by Fig. 12.11. The positive feedback 



Frequency 


Fig. 12.11. At the frequency of oscillation the positive feedback exceeds the 
negative by just enough to make Afi = +1. 

loop to the input grid consists of two equal fixed resistors (each 
frequency band requires a different value of resistance) and a two- 
section variable condenser which control the output frequency. 
This arrangement provides a feedback voltage that reaches a 
maximum at some middle frequency and drops off above and 
below that point, as shown by Fig. 12.11. 

The reason for this curve shape is not particularly diflSicult to 
understand. At low frequencies the reactance of Co becomes large 
compared with fio, and the series Co-iJo combination has an 
impedance very large compared with the parallel Co-Bo pair. 
Thus the fraction of the output voltage that appears across the 
parallel combination becomes small. At high frequencies the re- 
actance of Co becomes small compared with Bo, the series imped- 
ance approaches Bo, the parallel impedance approaches the re- 
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actance of Co, and again the fraction of the output voltage that 
reaches the input grid is small. The maximum point between 
these extremes happens to occur at the frequency for which the 
reactance of Co equals Bo- 

To produce oscillations the negative feedback is adjusted so 
that the peak positive feedback just exceeds the negative feedback 
by enough to make the product equal to +1 . The adjustment 
is critical; with too much negative feedback the circuit fails to 
oscillate, and with slightly too much positive feedback the oscilla- 
tions increase in magnitude until the wave form becomes distorted. 
In fact, the success of this circuit depends upon the choice of a 
small tungsten lamp for resistor R\. This lamp has a low cold 
resistance which increases rapidly when sufficient current passes 
through the fflament to heat it. In the oscillator circuit the current 
through R\ consists of the small plate current of the input tube 
plus an alternating component flowing through R^, The size of 
this alternating component, and consequently its heating effect 
on iZi, depends on the magnitude of the output voltage. Thus 
with feeble oscillations the net current through Ri is low, the 
negative feedback is also low, and the excess positive feedback 
causes the oscillations to build up. This simultaneously increases 
the value of Ri by heating and increases the negative feedback 
until the output becomes stable. 

This clever arrangement provides an exceptionally constant 
output voltage and good frequency stability despite wide varia- 
tions in the d-c supply voltage. An extension of the principle to 
very low-frequency oscillators of 1 cycle per second has been 
successful, but difficulty is usually encoimtered with the tungsten 
lamp. At these frequencies the thermal lag of the lamp cannot 
average out the heating effect over the period of any one cycle, 
and the lamp resistance tends to follow the individual alternations. 
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AIMPLITUDE MODULATION AND 
DEMODULATION 


Ik ELECTRiCAL-circuit theorj” the term modulation applies to the 
process of impressing the characteristics of one wave upon another. 
Speech pro\'ides a familiar physical example in which the mouth 
modulates a sound stream to produce recognizable words. Merely 
producing a steady tone conveys no intelligence. Like\\dse, the 
transmission of a steady signal by a radio-frequency transmitter 
tells nothing except that the station is or is not operating, but 
useful information can be sent by turning it on and olf according 
to some prearranged code. This simple form of amplitude modula- 
tion is the basis for the familiar dot-dash code. Speech, music, 
and other wave forms can be transmitted by a refinement of this 
system which varies the amplitude of the transmitted wave in 
direct proportion to the sound or picture signal. The high fre- 
quency carrying this modulation is called the carrier, 

A modulaior is a de\ace that receives the incoming streams of 
carrier wave and signal and combines them to produce a modulated 
output. There are a large number of diiEFerent circuits and devices 
for accomplishing this result, but a fundamental property of electri- 
cal circuits used to produce modulation is nonlinearity. In fact, 
because all vacuum tubes are nonlinear, undesired modulation 
often occurs when not expected. 

Demodulation is the inverse process which removes the modulat- 
ing information from the carrier to recover the original signal. 
All radio receivers, for example, contain demodulators to recover 
the original sound signals from the modulated radio-frequency 
wave. Likewise many electromechanical measuring systems em- 
ploy modulated carriers to transmit information from the test 
point to a central recording unit. Here demodulators remove the 
modulation from the carrier before recording. 

210 
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13.1 Simple Amplitude-modulated Wave 

For amplitude modulation the amplitude of the carrier wave is 
varied in direct proportion to the intelligence transmitted. Fig- 
ure 13.1 shows such a wave with simple sinusoidal modulation; 



Fig. 13.1. Simple amplitude-modulated wave with sinusoidal modulation. 


the upper curve represents the modulating signal, and the lower 
one shows the resulting amplitude-modulated wave. The dotted 
envelope abc, which outlines the amplitude of the modulated wave, 
accurately follows the modulating signal. Up to point a no modu- 
lation takes place and the carrier peaks are constant in amplitude. 
At point b the modulated wave reaches the crest, and at point c 
it falls to a minimum called the trough. Half the vertical distance 
between crest and trough divided by the unmodulated amplitude 
Ec is called the modulation factor m, often expressed in percent. 
The diagram shows about 50 percent modulation. A value of 
100 percent represents the maximum possible with conventional 
circuits. For this limiting case point c falls on the zero line. 

The equation of envelope dbc is Be + niEc sin qt, where q for the 
modulating signal corresponds to m for the carrier frequency. 
This envelope represents the peak amplitudes of the individual 
carrier-frequency waves. The equation of an individual carrier 
wave is € = Bmax sin cot. Replacing Bmax by the expression for 
the envelope, we obtain 

e= {Ec + mEc sin gi)(sm cot) 

= Be sin 0 ?^ -h mEc sin gi sin 
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With a trigonometric substitution for the product of two sines, 
we get 

e = sin coi -f cos(« — q)t — cos(a? + q)t (13.1) 

This result shows that the modulated wave of Fig. 13.1 can be 
thought of as three separate sine waves of constant amplitude. 
The first of these is the unmodulated carrier, as shown to the left 
of point a. The other two, identical in size, differ from the carrier 
frequency by plus and minus the modulating frequency. These 
are called the side frequencies. For example, a carrier of 1,000 kilo- 
cycles modulated with an audio frequency of 3000 cycles will 
contain frequencies of 997, 1,000, and 1,003 kilocycles. 

When the modulation consists of speech or music with a chang- 
ing complex wave form, the envelope has a corresponding shape 
and there are many simultaneous side frequencies varying in 
magnitude and frequency. Such a group is called a side band. 
The presence of side bands requires that radio receivers be de- 
signed with selective circuits that pass a band of frequencies rather 
than just the carrier frequency. Likewise, broadcast stations are 
separated in frequency by 10 kilocycles to prevent interference 
between their side bands. Figure 13.2 shows typical side-band 


= 1000 = 2000 Modulation by 

m= 100% m=50% complex 1000- 

cycle tone 



Horizontal scale represents frequency - 1000 cycles per division 

Fig. 13,2. Bar diagram showing the side-band patterns for several amplitude- 
modulated waves. 


patterns for several different modulations. In each diagram the 
height of the vertical bar represents the side-band amplitude. 

The relation between the side-frequency concept and the picture 
of Fig. 13.1 can nicely be shown with the aid of the vector diagram 
of Pig. 13.3. The three vectors correspond to a carrier rotating 
with an angular velocity 6> and two side frequencies rotating with 
velocities (a + q and ca — q. If, now, the observer imagines hinrvRja^f 
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to be rotating with an angular velocity w as well, the carrier vector 
will appear to stand still but the two side-frequency vectors will 
rotate in opposite directions with velocities +q and — g. The 



Fig. 13-3. Vector diagram of a simple amplitude-modulated wave. 

phase positions of these side-frequency vectors are such that at 
eveiy instant their perpendicular components cancel, leaving only 
the horizontal components. These add to or subtract from the 
length of the carrier vector without changing its phase position. 
Consequently, the sum of the three rotating vectors is equivalent 
to a single vector of sinusoidally varying length rotating at the 
carrier frequency. The vertical projection of such a vector would 
sweep out the modulated wave of Fig. 13.1. 

13.2 Modulation in Nonlinear Circuits 

Although the type of modulation about to be described is not 
always the most practical or eflGicient method, it is of basic theo- 
retical and practical importance because it illustrates aspects of 
the modulation problem not displayed by Fig. 13.1 and Eq. 
(13.1). We shall study a nonlinear circuit having a curve of out- 
put voltage or current plotted against input voltage that takes the 
form of Fig. 13.4. The circuit to produce this might contain a 



Fig. 13.4. Typical nonlinear characteristic. 
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diode, triode, or multigrid vacuum tube, a disk rectifier, or perhaps 
a nearly saturated iron-clad circuit. Figure 13.5 shows a typical 



Fig. 13.5. Simple nonlinear circuit- 


simple series circuit consisting of two sinusoidal input signals, a 
diode, and a load resistor to change current variations into useful 
voltage variations. The curve of Fig. 1-3.4 represents the dy- 
namic characteristic for the whole circuity not just that of the diode 
alone. 

We shall imagine that two sine waves of different frequencies are 
simultaneously being applied to the circuit to find the resulting 
interaction between them in the output. The graphic picture of 



Fig. 13.6. A graphic analysis of the nonlinear circuit of Fig. 13.5. 

Fig. 13.6 shows these waves as a low and a high frequency, their 
sum being the signal applied to input. The output wave, ob- 
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tained graphically, looks similar to the input, but it differs from 
it in several important respects. Careful inspection will show that 
at time b the high-frequency component of the complex wave has 
a greater amplitude than at time a. Thus the amplitude of the 
high-frequency component now varies at a rate corresponding to 
the low frequency, and modulation has been effected. Likewise, 
the indi\ddual high-frequency waves become distorted and con- 
tain harmonics and, although this is less apparent, the same holds 
true for the low-frequency component. 

To investigate this output wave we shall attempt a more ana- 
l 3 rtical study of the situation. A small portion of any smooth 
curve can be represented by a polynomial of relatively few terms. 
Since the curve of Fig. 13.4 is of this type, we can write 

^0 = flo “h CLlBi "f" Ufifif 4" flssf 4" • • * 

Term oo represents the operating point current. CoeflScient ai 
is the slope of the curve at the operating point, and if the curve 
were a straight line only the first two terms of the series would be 
required. For a smooth curve additional terms are necessary but, 
in general, the coeflacients decrease rapidly as the order increases. 
In fact for our analysis let us assume that the curvature is so 
gentle as to require only the first three terms for reasonable ac- 
curacy. Thus 

2*0 == ao 4" ciiBi 4“ (13.2) 

This can always be made true for small signals using only a little 
of the curve. This point of view is different from that employed 
in Chap. 3 for the discussion of single-phase rectifier circuits. 
There with large voltage swings the rectifier was considered to be 
either a good conductor or an open circuit, depending upon the 
direction of current flow. Here the applied voltage is small, and 
only a small portion of the curve near zero is of interest. 
Corresponding to the input wave shown in Fig. 13.6 

ei = Elm sin <at 4- E^m sin qt 

where ca is 22 r/i and q is 27r/2, fi and fz being the two different input 
frequencies. Placing this voltage into Eq. (13.2), we obtain 

2*0 = ao 4- aiEim sin ost 4- aiEzm sin 4- (hEl^ sin^ (at 

4- 2(hEimEzm sin sin 4- OzEUlm shi^ 5^ 



216 


ELECTRONICS IN ENGINEERING 


With the terms rearranged and trigonometric substitutions made 
for sin^ and sin <at sin qtj this expression becomes 

Zo = Cto + '^Eim "b SUl (d + a\E'2m SUl gt 

- cos 2(at - cos 2qt 
+ (iJSimJE2m cos(o3 — q)t — aJSimE^m cos(o) + q)i (13.3) 

The first three terms of Eq. (13.3) do not vary with time and 
represent the d-c component. With no input signal, voltages Ei 
and are zero and io becomes merely Oo- Therefore ao is the 
quiescent or operating point current, and the next two terms of 
the equation must represent the increase in average current caused 
by the application of the input signals. This same increase was 
observed in connection with triode amplifier distortion. The 
fourth and fifth terms represent the two input frequencies, xm- 
changed except for amplitude. These are followed by two double- 
frequency components representing the second harmonic distor- 
tions of each original frequency, as might be expected. Last come 
two new frequencies, one equal to the sum and the other equal 
to the difference of the original input frequencies. These are 
called the beat, or heterodyne, frequencies, and they are the ones 
of greatest importance in modulation or demodulation. 

It is essential to understand that these new sum and difference 
frequencies do not exist xmtil the two input voltages have been 
applied to a nonlinear device. Simply adding two waves of dif- 
ferent frequencies does not of itself produce the new beat fre- 
quencies. It is true that the ear can actually hear a beat between 
two sound waves of nearly the same frequency, but this consists 
of the changing sound intensity as the two component soxmd 
waves alternately come into and then out of phase. No true 
sound wave having the difference frequency appears until a non- 
linear element has been encountered. 

If the curve contains higher order terms than the second, addi- 
tional third- and fourth-order terms appear in Eq. (13.3), such as 
3«, cx) + 2g, 2q + CO, etc., but the ori^al sum and difference fre- 
quencies are not affected. 

13.3 Production of a Modulated Wave 

Square-law Modulation. The complicated expression of Eq. 
(13.3) contains, among other things, three terms that correspond 
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to the three components of the simple amplitude-modulated wave 
of Fig. 13.1. This fact suggests using a resonant circuit to discard 
all but the three desired components and produce an amplitude- 
modulated wave. Figure 13.7 shows such an arrangement with a 



Fig. 13.7. The production of an amplitude-modulated wave by a nonlinear 
circuit. 


resonant load impedance tuned to the carrier frequency. Voltage 
E\ represents a constant-amplitude sine wave of the carrier fre- 
quency, say 2,000 kilocycles. The modulating sine wave is E 2 , 
1,000 cycles, for example. The circuit current contains all 
the frequency components given by Eq. (13.3), but the tuned load 
has an appreciable load impedance only in the vicinity of the 
resonant frequency. Thus the carrier frequency (2,000 kilocycles) 
and the two sum and difference frequencies (1,999 and 2,001 kilo- 
cycles) are the only ones to appear in the output voltage. With a 
sufficiently broad resonant circuit to present essentially the same 
impedance R to these frequencies, the output voltage produced by 
2*0 becomes 

€0 = a^RE^m sin <d + (hRE^JE^m cos(aj - g)i 

- oJtEiJS^m. cos(c*) + q)t (13.4) 

This is an equation of exactly the same form as Eq. (13.3), 
consisting of a carrier flanked by two side frequencies. Therefore 
the output wave looks exactly like the simple amplitude-modulated 
wave of Fig. 13.1. The graphic analysis of Fig. 13.7 shows the 
same result. 

From a practical standpoint this type of circuit is limited to 
small percentages of modulation. Greater modulations require 
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operating over so much of the curv'e that the circuit no longer 
behaves in a square-law fashion; that is, additional terms above 
the second order must be included in the analysis. Under these 
conditions other side bands occur, and the modulation envelope 
becomes distorted. 

Linear Modulation. The term linear modulation refers to a 
^stem in which the amplitude of the modulated envelope is 
directly proportional to the instantaneous value of the modulating 
signal. It does not refer to the internal characteristics of the 
circuit; in fact, a perfectly square-law circuit produces linear 
modulation because the output wave, as given by Eq. (13.4), 
exactly follows the sinusoidal modulating voltage e^. The only 
reason that a square-law modulator fails to give linear modulation 
at high modulation levels is that practical nonlinear devices do 
not remain square law over a wide operating range. 

The linearity of an ideal modulator can be expressed as a graph 
(Fig. 13.8), showing a straight-line re- 
lationship between the instantaneous 
modulating voltage and the crest 
(or effective) carrier output Eo- There 
are many types of circuits which give 
linear modulation. One common type 
employs a tuned class C amplifier with 
the modulating voltage applied in se- 
ries with the d-c plate supply. Since 
an efiBcient class C amplifier operates 
with a peak alternating output volt- 
age that closely approaches the d-c 
supply voltage, varying this supply 
voltage causes the alternating output 
to vary in nearly direct proportion. 
This arrangement produces one of the most linear and efficient 
modulators known; for this reason many radio transmitters employ 
modulated class C amplifiers. 

Modulation is not necessarily a purely electrical process. Chap- 
ter 15 describes an electromechanical arrangement which produces 
a modulated carrier in response to mechanical input and thus 
transforms a mechanical displacement into an electrical signal. 
In an arrangement of this type, the input signal may have no fre- 
quency components above 50 cycles and the carrier frequency can 
be as low as 1 kilocycle. 



Fig. 13.8. Characteristic 
curve of an ideal linear 
modulator. 
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13.4 Frequency Shifting — ^The Superheterodyne 

An important aspect of modulation in nonlinear circuits is the 
property of frequency shifting. The last two terms of Eq. (13.3), 
which are exactly alike except that one represents the difference 
and the other the sum of the two input frequencies, exhibit this 
property. Furthermore, the amplitudes of these two components 
are directly proportional to the product of the two input signal 
amplitudes. This makes it possible to combine a modulated input 
signal with another voltage of fixed frequency and amplitude to 
produce an output of new frequency but which faithfully follows 
the amplitude (and perhaps frequency) variations of the original. 
Of course, the circuit output contains many other frequency com- 
ponents as well, but these can be eliminated with the aid of tuned 
circuits. 

An important application of this principle is in the super- 
heterodyne type of radio receiver which takes advantage of the 
fact that amplification and selection of the lower radio frequencies 
is simpler than that of the higher ones. The block diagram of 
Fig. 13.9 illustrates this process. 


Selective Modulator Intermediate-frequency 

circuit or “mixer” amplifier tuned to 500 Kc 



Fig. i 3.9. A block diagram showing the operation of a superheterod^me receiver. 


We shall imagine the incoming signal to consist of a desired 
2,000-kill ^ycle signal plus a number of other unwanted frequencies. 
The firsb .^elective circuit effectively eliminates those frequencies 
considerably different from 2,000 kilocycles. A simple resonant 
circuit can do this. The modulator input then consists of the de- 
sired signal plus others of nearby frequencies. After combination 
with the local oscillator frequency of 2,500 kilocycles, the modu- 
lated mixture passes through a sharply tuned amplifier adjusted 
to 500 kilocycles. This intermediate-frequency amplifier rejects 
all frequencies except the difference frequency between the desired 
signal and the local oscillator. Since the amplitude of this new 
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frequency varies in direct proportion to the original input, the 
intermediate frequency accurately reproduces the desired input 
and carries the same information. 

The advantages of this system over straight amplification of the 
original signal are that (1) it is easier to build high-gain selective 
circuits at the lower radio frequencies; (2) two signals of, say, 
2,000 and 2,020 kilocycles are hard to separate, but the difference 
frequencies of 500 and 480 kilocycles have an effective separation 
four times as great expressed in percent ; (3) the number of variable 
tuned circuits needed for a receiver designed to cover a range of 
frequencies is limited to the oscillator and input selective circuits; 
the intermediate-frequency amplifier provides the majority of the 
selecti\dty with fixed tuned circuits that are cheaper and easier to 
keep in adjustment. 

13.5 Demodulation 

After the' modulated carrier has been transmitted as a radio 
wave or by wire, and amplified by the receiver, it must be de- 
modulated to recover the original modulating signal. The most 
common circuit for doing this is the simple half-wave rectifier 
with smoothing condenser, discussed in Chap. 3. Figure 13.10 



Becfined (Hitpat 


Effect of too 
laigeC 



(c) Demodulated output 


Fig. 13.10. Circuit diagram and wave forms showing the operation of a 
simple diode envelope demodulator. 
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illustrates its application to the process of demodulation. The 
rectifying element may be either a crystal rectifier or a vacuum 
diode. Load resistor Rl is made large, usually over 100,000 ohms, 
to obtain maximum output voltage with miniTmiTn input power. 
Capacitor C serves to smooth the rectified output by filling in the 
gaps between individual waves, as shown by the heavy output- 
voltage line. This gives a rough approximation to the envelope 
of the input voltage; for this reason the circuit is called an envelope 
demodulator. 

To illustrate the details of the process better, Fig. 13.10 shows a 
carrier frequency only 20 times the envelope frequency. In actual 
practice the frequency ratio may be several hundred or more, 
and the saw-tooth output closely approaches the envelope. Ca- 
pacitor C must be carefully chosen to provide as much smoothing 
as possible without filling in the envelope troughs, as suggested 
by the dotted line. A full-wave circuit simplifies this task by 
providing twice as many peaks and a correspondingly closer ap- 
proximation to the envelope. 

The graphic analysis of Fig. 13.10 assumes that the rectifier con- 
ducts perfectly in the forward direction with negligible voltage 
drop. This approximation holds so long as the input voltage re- 
mains higher than about 1 volt for typical diode circuits. For 
smaller signals we must analyze the circuit from the square-law 
standpoint to find that demodulation does take place, but with 
considerable distortion. Since it is easy to provide a large ampli- 
fied voltage for the demodulator, an analysis of nonlinear de- 
modulation becomes of secondary importance. 

PROBLEMS 

13.1 The modulation pattern displayed on a cathode-ray oscilloscope looks 
similar to Fig. 13.1, except that the individual carrier sine waves cannot be 
distinguished. Measurement of the envelope pattern shows a maximum 
width of 3 in. and a minimum of 1.2 in. Compute the percent modulation. 

13.2 The 2-megacycle carrier of a radio transmitter has an effective value 
of 100 volts, and it is 60 percent modulated with a sinusoidal wave haviug 
a frequency of 3,000 cps. (a) Write the envelope equation. (5) Compute 
the magnitudes of the component frequencies in the modulated wave, and 
draw a bar diagram showing these components. 

13.3 A pure sine wave of 0.5 volts applied to a nonlinear circuit produces 
an output current with an average value of 5 ma, a fundamental component 
of 2 ma effective value, and a second harmonic of 0.15 ma effective, (a) Com- 
pute the constants Oo, oi, and 02 for the circuit. (6) What would be the current 
without an input signal? 
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13.4 The output of a strain-gage bridge contains a 2,000-C3’cle carrier 
modulated with a complex wave shape containing frequencies up to 100 cycles. 
This wave then passes through a 2,000-cycle tuned amplifier which employs a 
resonant circuit with an effective Q of 25. Is the amplifier suitable for ampli- 
fjing the bridge output? Explain. 

13.6 The diode demodulator of Fig. 13.10 demodulates a carrier of 500 kc 
carrying modulation frequencies up to 5 kc. The load resistance of 200,000 
ohms is shunted by a capacitance of 0.002 /ff. Criticize the choice of shunt 
capacitance. 

13.6 The output of an electromechanical pickup consists of a 2,000-cycle 
carrier modulated 30 percent at a frequency of 5 cps. This voltage must be 
first amplified and then demodulated to produce a 5-cycle output having an 
effective value of 10 volts. Compute the approximate amplification required 
to obtain this output with an input carrier of 2 mv effective value. 



CHAPTER 14 


THE CATHODE-RAY OSCILLOSCOPE 


For many years physicists and engineers have employed me- 
chanical systems for tracing out wave forms and curves showing 
the operation of their apparatus. These contrivances work mod- 
erately well at low frequencies, but when the \nbration frequency 
exceeds several thousand cycles per second, even the cleverest and 
most carefully designed mechanical apparatus fails because of the 
terrific accelerations required of the mo\’ing parts. And at radio 
frequencies the situation is hopeless. 

The solution to this problem was the gradual development of the 
cathode-ray oscilloscope. The term cathode ray, a holdover from 
the early physical experiments, refers to an electron stream. Elec- 
trons possess three distinct advantages: (1) they are the lightest 
charged particle known, (2) for their mass they possess a very 
large electrical charge, and (3) they are easily observed visually or 
photographically. The first property makes extremely rapid motion 
possible, the second permits simple control of the motion, and the 
third provides a visual interpretation that appeals to the senses. 

14.1 The Cathode-ray Tube 


The cathode-ray tube in its present-day form consists of three 
distinct parts, shown in Fig. 14.1. These are (1) an electron gun 



223 



224 


ELECTRONICS IN ENGINEERING 


for producing a concentrated beam of high-speed electrons, (2) a 
set of deflection electrodes for mo\dng the beam as desired, and 
(3) a screen that produces light when struck by the electrons. 
Electrm Gun. The electron-gun assembly of Fig. 14.2 consists 
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Fig. 14.2. Simple electron gun with electrostatic focusing. 


of a series of metal cylinders arranged on a common axis. The 
electrons start from a small spot of oxide coating on the end of an 
indirectly heated cathode and then pass through a control electrode 
consisting of a closed cylinder with a small central hole. This 
further restricts the dimensions of the beam, and a negative po- 
tential applied to the electrode controls the beam intensity exactly 
as the grid bias controls the plate current of a triode. The control- 
electrode aperture, however, does not restrict the beam suflSciently ; 
without additional electrodes the electrons would only spray out 
in a generally forward direction. 

The two positive anodes accelerate the electrons to a high 
velocity and focus them into a fine beam so that they all converge 
to a small point on the screen. Such an electrode arrangement is 
called an electron lens, and the development of such lenses has 
made the electron microscope possible. Figure 14.3 shows an 


+ 



Fig. 14.3. Enlarged view of the space between the first and second anodes to 
show the focusing fields. 
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enlarged view of the space between the first and second anodes to 
illustrate the focusing mechanism. The curved lines represent 
the direction of the electric field, with an arrowhead showing the 
direction of the force on a negatively charged particle. Any 
electron taking an off-center path through the grid aperture fibrst 
experiences a converging force field in which an axial component 
of force accelerates it forward and an inward radial component 
forces it inward. A little farther along, the forces are wholly axial, 
and still farther out the field has a diverging action. With proper 
electrode geometry, however, the net effect is to converge the 
stream because the slowly moving electrons leaving the control 
electrode spend a relatively long time in the convergent field and, 
after their forward acceleration, spend only a short time in the 
diverging field. This leaves the electrons with sufficient inward 
velocity to overcome their natural repulsion and bring them to 
focus at the screen. 

In the electron gun of Fig. 14.2 the voltage applied to anode 
No. 1 controls the focusing. Ordinarily, the final anode is con- 
nected to the metal chassis so that there will be no electric field 
between this anode and surrounding metal structures to influence 
the beam as it coasts to the screen. This makes the cathode nega- 
tive to the chassis by a kilovolt or more. 

Deflection System. After leaving the gun, the electron beam 
passes between a pair of deflection plates to control the position 
of the screen spot. Figure 14.4 shows a side view of these plates 
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Parabolic path 


-Deflection plate 
Fig. 14.4. Electrostatic deflection of the electron beam. 


together with the electric field and the beam path. As soon as 
the electrons enter the space between the plates, they experience 
a lateral force and “fall” toward the positive electrode to describe 
a parabolic path exactly similar to the path of a horizontally fired 
projectile in a gravitational field. This deflects the beam and 
moves the resulting screen spot in direct proportion to the voltage 
applied between the deflection plates. 

In most cathode-ray tubes two such pairs of deflection plates 



226 


ELECTRONICS IN ENGINEERING 


operate on the beam. One vertical pair produces horizontal or 
X-axis deflections, and a horizontal pair provides the F-axis vertical 
spot movement. This arrangement facilitates plotting the infor- 
mation supplied to the oscilloscope in the familiar rectangular co- 
ordinate system. 

Although the effective electrostatic deflection system requires 
practically no power to operate it, the sensitivity is rather poor. 
On the average, a l-inch spot deflection requires the application of 
50 to 100 volts between the deflection plates. Consequently, the 
majority of input signals need amplification before they can 
produce a useful figure on the screen. 

Since the electron beam is the equivalent of a current-carrying 
conductor, a magnetic field can also produce deflection. Some 
oscilloscopes use this magnetic deflection instead of the electro- 
static type, but it is usually easier to design an amplifier to produce 
the required voltage across a pair of deflection plates than it is to 
pro\’ide the necessary current in a coil for magnetic deflection. 
However, magnetic deflection is always a problem with any 
cathode-ray tube because the stray field from nearby power-supply 
transformers and chokes may produce imdesired deflections that 
show up as a ripple on the screen figure. For this reason the tube 
is often surrounded by a shield of high-permeability iron alloy to 
reduce the field strength within the cathode-ray tube. 

Luminescent Screen. After focusing, acceleration, and deflec- 
tion, the electron beam strikes the screen and part of the energy 
changes to visual radiation. This screen consists of a thin coating 
of finely powdered material called a phosphor applied to the inside 
of the tube face by spraying a volatile suspension of the phosphor 
or by settling it out of a liquid suspension. The thickness is care- 
fully controlled for uniformity and to obtain a density that will 
produce the maximum amoxmt of light. A thicker screen may 
produce more light radiation, but since the electrons strike the 
inside, the extra opacity may decrease the useful light reachmg 
the front. 

The screen has a twofold action. During excitation by the 
electrons the pho^hor fluoresces and gives off light of a character- 
istic color, but after removal of the excitation the phosphor 
continues to glow — o, process called phosphorescence. The glow 
dies off at a rate characteristic of the particular phosphor em- 
ployed. This spot persistence often serves a useful purpose in 
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retaining the trace for a brief period of observation. Several 
types of screen can be obtained of which the most common are 
known commercially as the PI medium-persistence green, the P2 
long-persistence green, and the P5 short-persistence blue. The PI 
screen is the type most often used for ordinary visual and pho- 
tographic use. Most of the energy produces green light to which 
the eye is especially sensitive. The P2 screen has the advantage 
of retaining the image of a single trace for a brief visual observa- 
tion, and the P5 screen is designed for good photographic eflBlciency 
and the short persistence required to prevent blurring in certain 
types of photographic recording. 

A great many substances exhibit luminescence under electron 
bombardment, but the desirability of high visual efficiency and 
suitable color limits the choice. One of the best and most com- 
monly used materials is zinc orthosilicate, known in the natural 
state as wiUemite, although the synthetic material produces better 
and more uniform results. This material gives the familiar bright- 
green trace of the PI screen. Other materials provide a range of 
colors from red to blue; the white television screen employs a 
balanced mixture of phosphors to radiate the full visual spectrum. 

Since the screen conducts electricity poorly, it would soon collect 
a negative charge sufficient to ^^block'' or repel the beam entirely 
except for secondary emission. Fortunately, at moderate accelerat- 
ing potentials each beam electron can produce an average of at 
least one secondary electron, and the screen assumes a slightly 
negative potential with respect to the nearest electrode. This po- 
tential stabilizes at the point where the secondary emission just 
equals the beam current to make the net screen current zero. 
To aid the collection of secondary electrons and to provide electro- 
static shielding, many tubes contain a conducting coating of col- 
loidal graphite deposited on the conical glass surface near the 
screen. 

The image brightness depends upon the beam current, the 
electron-beam velocity, and the writing rate or speed with which 
the spot moves across the screen. Because of the mutual repulsion 
between the beam electrons the focus is never perfect; in fact this 
definitely limits the usable beam current for a given trace width. 
The only other way of obtaining a high-intensity image is to 
increase the accelerating potential. For repeating wave forms, 
where the beam follows the same path repeatedly, an accelerating 
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potential of 1 kilovolt or so will produce a sufficiently bright image. 
For the photography of single high-speed traces, considerably 
higher voltages are necessary. 

14.2 The Cathode-ray Oscilloscope 

The term cathode-ray oscilloscope describes an instrument in- 
corporating a cathode-ray tube together with the necessary ampli- 
fiers and voltage supplies to make it useful. Figure 14.5 shows the 
block diagram for a basic oscilloscope. 



Fig. 14.5. Block diagram of a cathode-ray oscilloscope. 

Vertical Amplifier. The vertical amplifier serves to amplify 
signals for application to the F-axis deflection plates. It may 
consist of only a single stage of pentode amplification requiring a 
signal of about 1 volt for full beam deflection, or it may be a more 
complex multistage wide-band amplifier capable of amplifying 
very small signals to the required deflection voltage. Even the 
simplest oscilloscope amplifiers handle a frequency range from 
about 20 to 100,000 cycles; the more complex (and more expen- 
sive) ones handle a band several octaves wider. 

The vertical amplifier normally contains a gam or volume con- 
trol to adjust the height of the screen figure to the desired size. 

Horizontal Amplifier. The horizontal amplifier provides the am- 
plified voltage for the X-axis deflection plates. The amplifier input 
contains a switch used to select an input signal from either the 
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saw-tooth sweep generator or any external signal desired for the 
horizontal deflection. 

Sweep Generator. The sweep generator provides a saw-tooth 
wave form for the purpose of deflecting the electron beam across 
the horizontal axis at a uniform rate. The most common circuit 
is essentially that of Fig. 7.16, which shows a thyratron circuit for 
voltage saw teeth. Usually two separate controls adjust the saw- 
tooth frequency — o, coarse control that selects different capacitors 
and changes the frequency in large jumps, and a fine control 
rheostat (part of 72 in Fig, 7.16) that provides smooth control 
over the intermediate range between coarse steps. Thyratron 
sweep generators can be made to operate at frequencies from 
below 1 cycle per second up to about 30 kilocycles. 

Lovhvoltage Supply. This rectifier, with negative grounded to 
the chassis, supplies the positive voltages needed for the amplifiers 
and sweep generator. 

High-voltage Rectifier. This rectifier supplies the accelerating 
anode voltages for the electron gun and operates with the positive 
terminal grounded. The accelerating potential depends upon the 
type of cathode-ray tube. One kilovolt is a typical value for 
ordinary oscilloscopes, but high-intensity tubes for the photo- 
graphic recording of a single sweep may require 10 kilovolts or 
more. 

Since the electron gun draws a very small current, a simple 
smoothing capacitor provides suflBcient filtering of the rectifier 
output. A tapped adjustable resistor network connected across 
the high-voltage rectifier output gives the different electrode volt- 
ages required by the gun. 

14.3 Observation of Repeating Wave Forms 

The display of a repeating wave form plotted as a function of 
time is one of the commonest applications of the cathode-ray 
oscilloscope. This type of visual presentation shows the wave form 
in rectangular coordinates with the variable under observation 
plotted against a linear time scale. 

To obtain this type of display the repeating input signal is ap- 
plied to the vertical amplifier. This produces a vertical spot 
movement on the screen in direct proportion to the instantaneous 
input voltage. To draw out the wave form the spot must also 
move horizontally across the screen at constant velocity. This 
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requires a horizontal deflection voltage that increases uniformly 
with the time, in other words, a voltage wave with a constant 
slope such as the saw-tooth w-ave form. 

Ordinarily a single sweep across the screen with the spot tracing 
out the wave would not be particularly useful for direct viewing. 
The short persistence of the eye and of a normal oscilloscope screen 
shows the curve as a single bright flash, but any sort of detail is 
hard to observe. A better plan is to repeat the sweep over and 
over, each time plotting the curve in the same position. With a 
sweep frequency above 20 cycles per second the normal persistence 
of vision blends the images together (as in motion pictures), and 
the figure seems to be constantly under observation. 

Figure 14.6 shows the means of doing this. Part a shows the 
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Fio. 14,6. This shows how a saw-tooth wave form applied to the horizontal 
deflection plates of a cathode-ray tube permits continuous observation of a 
repeating wave form. 


wave under observation, and part 6 shows the saw-tooth wave 
form of exactly half the frequency. During one saw-tooth cycle 
the spot starts from the left side of the screen and traces out two 
complete cycles of the desired wave. Then the saw-tooth voltage 
collapses and returns the spot to the initial position and again 
traces out the identical figure. In practical circuits the saw tooth 
is never perfectly vertical so a tiny portion of the wave is lost, 
and the returning trace makes a faint line on the screen, shown 
dotted. The better oscilloscopes apply a momentary negative bias 
to the control electrode to extinguish the beam and remove the 
return trace. 
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To produce a steady figure on the screen the sweep frequency 
must be an exact submultiple of the input signal frequency. If 
it is not, the spot traces slightly more or less than an integral num- 
ber of cycles and the next cycle repeats at a slightly different 
point on the wave form. This causes the wave to move across 
the screen at a rate depending on the amount that the sweep is 
out of synchronism. To provide this exact correspondence be- 
tween the input and the sweep, the circuit feeds a small fraction 
of the amplified signal to the grid of the sweep generating thyra- 
tron. This causes time variations of the critical firing potential 
and “locks” or synchronizes the saw-tooth frequency. A syn-c 
chronizing control provided on the face of the instrument adjust s 
the amount of input signal injected into the sweep circuit. 

14.4 Curve Plotting 

Many cathode-ray oscilloscope applications require the plotting 
of one variable in terms of another, rather than against time. 
In mechanical engineering, for example, pressure-displacement 
indicator diagrams are used to compute the developed power and 
to observe the operation of a reciprocating steam engine or internal- 
combustion engine. Mechanical arrangements work satisfactorily 
at slow speeds, but the cathode-ray tube is not limited by speed 
and, furthermore, constantly displays the indicator diagram while 
adjustments are made on the machine. 

The figure is obtained by inserting a small pressure-sensitive 
plug into the cylinder head; this plug develops an electrical signal 
proportional to the instantaneous pressure for application to the 
vertical deflection amplifier. A horizontal signal proportional to 
the piston displacement is obtained from another electromechanical 
transducer connected to the crankshaft. This might consist of a 
resistance wire with a moving contact mechanically arranged to 
duplicate the piston movement. A steady current through the 
wire produces a voltage at the moving contact that is directly 
proportional to the displacement. 

The two signals combined on the oscilloscope screen provide 
electron-beam displacements directly proportional to pressure and 
displacement, and the spot repeatedly travels around a path 
describing the desired diagram. Engine adjustments instantly 
show on the screen, and photographic records can be made for 
later analysis. 
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14.5 Phase Meastirement 

The cathode-ray oscilloscope also provides a convenient method 
of observing the phase angle between two sine waves of the same 
frequency. Figure 14.7 shows two such waves and the resulting 



Fig. 14.7. Graphic development of a Lissajous figure showing the phase 
angle between two sine waves of the same frequency. 

figure obtained on the screen. The small numbers represent corre- 
sponding time moments on the three figures. In the diagram the 
X-axis sine wave is taken as the reference with the F-axis wave 
shown leading by an angle 6, At the moment of zero horizontal 
deflection the vertical wave has already progressed through an 
angle 6 and reached a height of F sin 0 (point 1). Thus the 
intercept of the ellipse with the vertical center axis is F sin 6, 
whereas the maximum height of the figure equals F. The ratio 
of these two easily measured distances gives sin 6 from which the 
angle can be determined. In practice, using the double intercepts 
A and B reduces the errors caused by any slight decentering of the 
figure with respect to the cross-section marks on the screen. 
TTius sine 6 equals A/B, Figure 14.8 shows the figures obtained 
for a number of phase shifts between zero and 180 degrees. 

This phase-measuring system suffers from two defects. (1) There 
is an ambiguity as to whether the angle leads or lags by angle 0. 
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Actually, the spot travels around the ellipse in a different direction 
in either case, but this is not conveniently observable. Fortu- 
nately, in many cases the decision as to lead or lag can be made 


6 = 0 ^ d=45® d=90® ^=135® ^=180® 

Fig. 14.8. Lissajous* figures obtained for a number of different phase angles. 

from other circuit information. (2) The accuracy of the system 
is never particularly good, and it is especially poor for angles 
approaching 90 degrees where the sine changes slowly with the 
angle. 

14.6 Frequency Comparison— Lissajous* Figures 

Still another application of the cathode-ray oscilloscope is the 
comparison of two frequencies for the purpose of measurement or 
calibration. This is done by applying one frequency to the vertical 
and one to the horizontal deflection terminals. The resulting 
figure (named for Lissajous, a French mathematician who studied 
the curves a long time before cathode-ray tubes appeared) quickly 
shows the frequency ratio. 

Figure 14.9 shows a number of these figures together with the 
corresponding frequency ratios. With unity ratio the figure ap- 

%=yi %=% %=% %=®/i 

Fig. 14.9. Lissajous' figures obtained for various frequency ratios between the 
vertical and horizontal sinusoidal deflections. 

pears as an ellipse whose fatness depends upon the phase position 
of the two waves. If the ratio differs slightly from unity, the two 
waves constantly slip in phase position and the figure slowly 
changes through the cycle of figures shown by Fig. 14.8. 

With a frequency ratio of two, the spot makes two vertical 
traces for a single horizontal movement. The effect is exactly as 
if two complete sine-wave cycles were drawn on a transparent 
sheet which was then rolled into a vertical cylinder viewed from 
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the side. Different relative phase positions make the figure look 
different, but in every case the numb er of peafajitjth e top of the 
figure divided by the number of excursfons to the side gives the 
fr eque nc^rratid. It is convenient to think of the figure bounded 
hy a rectangular box to aid in counting the vertical and horizontal 
movements. In certain phase positions several traces may overlap 
to give a false count of the vertical and horizontal traces. It is 
best to have the figure slowly changing to avoid these particular 
positions. 

14.7 Single-sweep Transient Recording 

RIany transient phenomena occur only once and can be plotted 
only once on the oscillograph screen. Figure 14.10, showing a 



Fig. 14.10. Single-sweep recording of the relative light output of a photoflash 
bulb. 

recording of the light output of a photographic flash bulb, illus- 
trates an example of this type. For this record the vertical 
amplifier receives the electrical output of a photocell arranged to 
observe the light from the flash bulb. The horizontal sweep is 
initiated at the moment of firing the bulb, and a single rapid trace 
plots the curve. To obtain a photographic record, the camera 
views the screen through a darkened tube with the shutter opaied 
for time exposure. 

A number of cathode-ray oscilloscopes on the market (usually 
the more expensive kind) include facilities for producing a single 
sweep and adjustable delay circuits to control the time period 
between the start of the sweep and the beginning of the transient. 
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To obtain an intense trace for photographing high-speed transients 
requires a high-velocity electron beam produced by a tube with a 
high accelerating voltage. This in turn demands a bulky, high- 
voltage rectifier; for this reason oscilloscopes of this type are often 
constructed in two units, one containing the power supply and the 
other housing the cathode-ray tube and amplifiers. Equipment of 
this type also applies a negative bias to the control electrode to 
extinguish the beam except during the moment that the spot 
moves across the screen. This prevents fogging the film and 
burning the screen by the intense stationary spot. 

14.8 Timing by Z-axis Modulation 

The term “Z-axis modulation” refers to the process of turning 
the beam on intermittently to produce a dotted trace that is useful 
for timing the events represented on the curve. Figure 14.11 



Fig. 14,11. Single-sweep recording with 500-cycle **Z-axis” modulation. 
The curve shows the light passed by a camera shutter set for an exposure of 
1/50 second. 

shows this type of recording used with a single sweep to record 
the light received by a phototube during the period of opening 
and closing a camera shutter set for an exposure of 1/50 second. 
With 500-cycle Z-axis modulation the distance from the beginning 
of one dot to the start of the next one represents 0.002 second. 
The record shows that the shutter stayed fully open for 0.018 
second and that the total time from the start of opening to the 
final closing took 0.032 second. The effective exposure time, de- 
fined as the time an instantaneous shutter must stay open to pro- 
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duce the same exposure, can be computed by dividing the area 
under the curve by the maximum ordinate. 

A sinusoidal voltage applied to the control electrode of the 
cathode-ray tube turns the beam on and off smoothly and does 
not produce sharply defined dots. The square wave of Fig. 14.12 


Fig. 14.12. Square wave for “-Z-axis’* modulation. 

does a better job because a voltage of this shape applied to the 
control electrode turns the beam either fully off or on without 
any intermediate hazy traces. A sufficiently square wave for 
this purpose can be obtained by overdriving a simple amplifier 
with sine waves of the desired frequency. 

14.9 Continuous Recording 

Sometimes a record is desired of a large number of cycles of a 
nonrepeating wave. This can be done by combining a cathode-ray 
oscilloscope with a special camera designed to focus an image of 
the screen on a continuously moving film strip. As shown by 
Fig. 14.13, the cathode-ray spot moves only in the vertical direc- 

Contmuoudy movinsr film 



Fig. 14.13. Continuous recorffing with a cathode-ray oscilloscope. 

tion while the film moves horizontally to provide the time axis. 
Thus the spot traces out the pattern showing the wave form under 
study. To prevmt image blurring the screen must possess a very 
short persistence, such as that of the P5 screen. Of course the film 
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requires photographic processing before the image can be studied; 
this is a disadvantage common to all photographic recording 
systems. 


PROBLEMS 

14.1 The deflection sensitivity of a cathode-ray tube is often expressed as 
the effective sinusoidal deflection voltage required to produce a 1-in. peak-to- 
peak screen deflection. Compute the amplification required for a deflection 
amplifier to make each inch of screen deflection correspond to a 1-volt change 
in the instantaneous input potential. The tube has a deflection sensitivity 
of 25 rms volts per inch. 

14.2 A cathode-ray tube is employed to observe the phase angle between 
the applied voltage and the current flowing into an impedance consisting of 
resistance and capacitance in series. Headings on the screen show A = 2.3 in. 
and B = 4.0 in. The applied voltage of 10 volts produces a current of 50 ma. 
Compute the circuit resistance and reactance. 

14.3 Compute the effective exposure time represented by the oscillogram 
of Fig. 14.11, 
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TRANSDUCERS 

The term transducer describes a de\dce for translating a signal 
from one form into another. A cathode-ray oscilloscope is one 
type of transducer; it transforms electrical signals into a useful 
\dsual or photographic pattern. A loudspeaker transforms electri- 
cal energy into sound, while a microphone performs the reverse 
process. A phonograph pickup is also a familiar type of trans- 
ducer; it accurately translates the needle motion into an electrical 
form for amplification. 

Most electronic measuring and reproducing systems employ 
both transducers and electrical circuits. First an input transducer, 
or pickup, provides an electrical signal representing the physical 
quantity obser\"ed. This signal is then amplified, operated upon 
by electrical circuits, and transmitted to the desired point. Fi- 
nally an output transducer, or recorder, transforms the electrical 
signal into the most convenient form for the particular operation. 
Although it is often possible to obtain a similar result without the 
intervening electrical system, the electrical link usually provides 
the advantages of flexible transmission, amplification, and speed. 

The purpose of this chapter is to illustrate the possibilities of 
electrical measurement by discussing a few of the many t3q)es of 
transducers and associated equipment. 

15.1 General Principles of Transducers 

Transducers employ practically every electrical phenomenon 
known to physics. Some types have been more successful than 
others, but the art is still young and probably some of the neg- 
lected methods may later become important. At the risk of over- 
generality, the field may be boldly divided into those which 
directly generate a voltage and those which depend upon the var- 
iation of some circuit parameter. 

238 
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Transducers Producing a Generated Voltage, Transducers which 
produce a generated voltage can be subdivided into four classes: 
(1) magnetoelectric, (2) piezoelectric, (3) thermoelectric, and 
(4) electrochemical. 

Magnetoelectric devices operate on the basic principle that a 
moving wire in a magnetic field generates an electromotive force. 
Since the generated voltage is directly proportional to velocity, 
this type of transducer is well adapted to instruments for observing 
the relative velocity of a mechanical system. A dynamic or mov- 
ing-coil microphone employs this principle. The varying sound 
pressure moves a diaphragm carrying a light coil of wire in a 
magnetic field. Electrical amplification makes up for the very 
low efficiency of the device. 

As explained in a following section (15.5), simple electrical cir- 
cuits can perform the mathematical operations of integration and 
differentiation. Therefore it makes little difference whether a 
transducer observes displacement, velocity, or acceleration. The 
output of a velocity-responsive device, for example, can be made 
to represent the acceleration by passing it through a differentiating 
network. 

Piezoelectric pickups take advantage of the voltage generated in 
a crystal under stress. Depending upon the cut and mounting 
of the crystal, the resulting device may be either pressure or dis- 
placement sensitive. The conomon crystal phonograph pickup 
operating on this principle employs a Rochelle salts crystal mounted 
as a cantilever beam. The vibrating needle slightly bends the 
crystal back and forth and produces an output voltage as large 
as 1 volt from an ordinary record. Rochelle salts has the disad- 
vantages of solubility in water, high temperature coefficient, in- 
ability to stand high temperatures, and low mechanical strength. 
For these reasons the much less sensitive but more stable quartz 
must be used in some applications. 

A variation of the phonograph pickup is the surface analyzer. 
The minu te vibrations of a jewel stylus rubbed across a surface 
produce an electrical output which is amplified to operate a meter 
calibrated to read the surface roughness. 

The thermoelectric effect provides a convenient means of pro- 
ducing an electrical output proportional to the temperature. The 
familiar thermocouple consisting of the junction of two dissimilar 
metals is one of the most accurate and flexible methods of measur- 
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ing temperature. Since a thermocouple can 
current, the tiny output voltage is usually indica. 
meter or read by a sensitive potentiometer. \ 

Electrochemical processes also play a part ia the sch^^ 
urement. The glass electrode coupled with the vacuuifK 
meter provides a quick and convenient method of meash 
hydrogen-ion content of solutions. The electrode produces *. , 
age proportional to the ion concentration, but its resistance * 
high (above 10® ohms) that even a vacuum-tube circuit must . 
carefully designed to reduce the current drawn from the electrode^N^ 
This is quite different from the thermocouple, which can directly 
provide the power for operating a meter. 

Transducers Varying a Circuit Parameter, Many transducers do 
not inherently generate an output voltage but vary instead some 
electrical circuit parameter such as resistance, inductance, or 
capacitance. This variation can be observed by a null method 
such as a potentiometer or a bridge, or it may be used to produce 
a varying voltage suitable for amplification. 

Resistance variation may be applied to either temperature 
measurement or the observation of mechanical displacement. The 
resistance thermometer takes advantage of the temperature co- 
efficient of resistance of metals; nickel and platinum make stable 
resistance elements for this purpose. Such a temperature-sensitive 
resistance element coupled to an automatic recording bridge pro- 
vides an excellent means of obtaining a continuous temperature 
record. Resistance elements for the measurement of strain have a 
shorter history. The most common ones depend upon stretching a 
fine resistance wire. This increases the length, reduces the cross 
section, and affects the electrical properties of the material. As a 
result, the resistance changes in proportion to the strain; this 
can be observed with a Wheatstone bridge. 

Indudance elements also serve a useful part in electrical measur- 
ing instruments. One example is the gage for measuring the thick- 
ness of a coating applied to a flat steel surface. The instrument, as 
shown in Fig. 15.1, consists of an iron yoke wound with a coil of 
wdre. Placing it on a steel surface completes the magnetic circuit 
except for two gaps where the flux passes through the coating ma- 
terial. A thick gap increases the reluctance of the magnetic circuit 
and lowers the coil inductance. With a suitable electrical circuit 
a calibrated meter can read the gap thickness directly. 

The condenser microphone is another example of circuit-param- 
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Nonmagnetic Coil ^Iron yoke 
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Fig. 15.1. An inductance-variation type of transducer which measures the 
thickness of a nonmagnetic coating on a magnetic material. This arrange- 
ment is used commercially for measuring enamel thickness on sheet steel. 

eter variation. In this device a stretched metal diaphragm moves 
in response to the minute pressure variations caused by the sound 
waves. This movement produces variations in the electrical 
capacitance between the diaphragm and a rigid back plate parallel 
to and slightly spaced from it. Applications of this principle 
include the dynamic measurement of pressure in internal-combus- 
tion engines and guns and the recording of explosive blast pressures. 

15.2 The Resistance Strain Gage 

One of the transducers important enough to discuss in more de- 
tail is the resistance strain gage. Although the principle is simple, 
the gage went through a development period of about 10 years 
in the 1930^s; since 1940 its use has increased, until it is now a 
standard item in any mechanical research program. 

As illustrated by Fig. 15.2, the gage consists of a length of fine 

r -Fine resistance wire 
\ cemented to thin paper backing 


Terminal wires 



Direction of strain 
sensitivity 

Fig. 15.2. The resistance strain gage — ^bonded type. 

wire about 0.001 inch in diameter bent back and forth and ce- 
mented to a thin tissue paper. The paper serves to keep the wire 
strands in place, to support the heavier connecting leads, and to 
insulate the wires from the surface to which it is attached. In use 
the gage is cemented directly to the surface of the structural mem- 
ber under test so that it experiences the same strains as the surface. 
The light flexible assembly has a negligible effect on the motion 
of any reasonably heavy structural member. 
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Suitable adhesives include the ordinary household celluloid ce- 
ments and a number of similar cements designed particularly for 
this purpose; they provide good adhesion and maintain the electri- 
cal insulation. Surprisingly enough, the bond is so good that the 
gage responds to compression as well as to tension. This results 
from the use of extremely fine wire to pro\’ide a large surface area 
compared with the cross section. Thus, although the wire stress 
is high, the adhesive force required per unit of surface area is low. 

The gage operates on the principle that stretching a wire changes 
its resistance. The resistance change occurs because (1) the wire 
stretches, (2) the diameter shrinks, and (3) the specific resistivity 
of the wire material changes. These factors affect the resistance 
of a wire according to the relation 

22 = j (16.1) 

Since an increase in length produces a decrease in area, the frac- 
tional resistance change exceeds the strain experienced by the wire. 
Fortunately, many metals and alloys also experience an increase in 
resistivity p under tension, which also contributes to increasing 
the sensitivity of the gage. This ratio between the resistance 
change and the strain is called the gage factor, defined as 

Gage factor = (15*2) 

In practical gages this factor usually exceeds 2. Before the avail- 
ability of commercial gages each individual winding had to be 
calibrated to determine the resistance and factor, but commercial 
elements can now be obtained with predetermined characteristics 
held to close tolerances. 

The gages can be obtained in a number of different resistance 
values; 120 ohms is a commonly used value. They are also wound 
of wrire with a low thermal coefficient of resistivity to minimize the 
effect of temperature upon the gage resistance. Any residual 
temperature changes can be balanced out wdth an unstressed 
dummy gage mounted nearby. 

15.3 The Strain-gage Bridge 

Since the normal working strain in a steel member is less than 
0.001 inch per inch, the expected gage resistance change seldom 
exceeds 0.2 percent and an accurate method must be used to de- 
termine the resistance. The b^t arrangement for this purpose is 
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the ordinary Wheatstone-bridge circuit shown by Fig. 15.3. In 
this circuit Rx represents the strain gage, G the galvanometer for 
detecting the null point, and E the applied voltage. At balance 



the sensitive galvanometer reads zero, indicating no voltage dif- 
ference between points a and 6. Therefore the voltage drops across 
Ri and Rz are equal. 

IJti = I^Ri (15-3) 

Since the galvanometer current at balance is zero, current 7i con- 
tinues on down through Rz, and Iz through JS*. Equating the 
voltage drops through these two resistors, we obtain 

hRz = IJRx (15.4) 

Dividing Eq. (15.3) by Eq. (15.4), we obtain the bridge equation 
at balance 

Rl __ i?2 
Rz Rx 

which solved for Rx gives 

= (15.5) 

A particularly simple arrangement is to make resistors Rx and 
R2 equal; in this case the changes in Rz measure the change in Rx 
directly. Furthermore, it is possible to measure accurately a 
change of 0.1 percent in Rx with bridge resistors accurate to only 
1 percent. Figure 15.4 illustrates the slight circuit change for 



Fig. 15.4. A refinement of the strain-gage bridge to measure accurately small 
changes in Rx- 
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obtaining this result. With this arrangement the small resistor 
ARb is first set to zero and the bridge carefully balanced by ad- 
justing Rb itself. Under these conditions 

Now let us suppose that a strain applied to the specimen increases 
the gage resistance by a value ARx and that balance has been re- 
established by adjusting the resistor ARb. With this new balance 

+ Ai?x = (Rz + Ai2s) (15.7) 

By multipl 3 nng out the right side of Eq. (15.7) and subtracting 
Eq. (15.6), we obtain 

(15.8) 

Thus although the incremental changes are very small, they can 
be measured to the same order of accuracy that we know the 
adjustable resistor ARb and resistors Ri and Rz. Since com- 
mercially available adjustable decade resistors are commonly con- 
structed to an accuracy of 0.1 percent, the bridge can measure 
incremental resistance change with excellent accuracy. 

The problem of temperature correction can be met by using two 
gages instead of one, as illustrated by Fig. 15.5. Here resistor Rb 



Fig. 15.5. A strain-gage bridge with a dummy gage Bi m one arm to provide 
temperature compensation. 

is replaced with an unstressed dummy mounted close to Rx to 
maintain the same temperature. As an aid, many gages come 
with a flannel covering cemented to the outer surface to insulate 
the gage wires from the surrounding air and make the gage tempera- 
ture approach that of the underlying surface. With an equal-arm 
bridge identical changes in Rz and Rx do not affect the balance. 
This can be seen by rewriting Eq. (15.5) in the form 
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Rz = Ri (15.5) 

Since the ratio Rz/Ri is unity, symmetrical changes in R2 and Rx 
do not affect the equality. 

This arrangement also cancels out the effect of the gage con- 
necting leads, which add to the circuit resistance and possess a 
relatively high temperature coefficient. This is helpful because 
the leads cannot always be made short; usually a number of gages 
at various points on a structure are brought to a common measur- 
ing instrument. 

Figure 15.6 shows a clever way of making the dummy gage R 2 



Fig. 15.6. On a symmetrical structure, gage can be placed to undergo an 
equal and opposite strain to that of R^. This doubles the bridge sensitivity. 

perform a useful function. With a symmetrical beam the second 
gage can be placed on the opposite side so that one element suffers 
tension while the other experiences compression when the beam 
is bent. This increases the resistance of one element while de- 
creasing the other and doubles the bridge imbalance. The temper- 
ature and lead corrections remain unchanged. 

Dynamic Strain Measurement The null method of measuring 
the strain works. nicely under static conditions, but when the de- 
flection varies dynamically it is impossible to follow anything 
except very slow variations. For a dynamic strain record, exactly 
the same bridge can be used with the terminals a and b connected 
to an amplifier (Fig. 15.7). As the gage undergoes strain altema- 



Fig. 15.7. Strain-gage bridge with an amplifier to record transient strains. 
It is usually more practical to use an alternating voltage in place of E. 
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tions the voltage obsen^ed by the amplifier varies ia direct pro- 
portion and savings from plus to minus vrhen the strain changes 
from tension to compression. 

The alternating signal developed is only in the order of 10 milli- 
volts, but this is easily amplified for presentation on a cathode-ray 
oscilloscope or a recording galvanometer. F or low-frequency vibra- 
tions having a frequency of less than 1 cycle per second, however, 
the problem becomes more difficult because it is hard to con- 
struct R-C amplifiers with a response extending to such low fre- 
quencies. Theoretically a direct-coupled amplifier extends the 
response to zero frequency, but practical d-c amplifiers always 
exhibit instability; the possibility of slow drift causes some un- 
certainty regarding the position of the zero line on a recording. 

Exciting the bridge with an alternating voltage avoids this pre- 
dicament by pro\nding a var 3 dng alternating voltage for the ampli- 
fier. The amplified output then appears as a modulated wave, the 
envelope representing the strain variations. Of course the applied 
frequency must be considerably higher than the vibration fre- 
quency in order to show the envelope details properly. This works 
nicely except for the fact that an alternating voltage does not 
conveniently indicate polarity and hence produces an ambiguity 


Poai5ve_ .Negative, Positive 

polarity polarity ' ‘polarity 



Fig. 15.8. The modulated output voltage of a strain-gage bridge operating 
with an a-c input. With the bridge initially balanced for zero strain, the 
output changes phase each time the strain changes polarity. 
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as to the sign of the strain. Actually, the alternating bridge output 
does reverse in phase as it goes through the zero point, but this is 
not evident to the eye viewing the oscilloscope image, nor does it 
affect the ordinaiy envelope demodulator that might be used to 
rectify the output to recover the envelope. Figure 15.8 explains 
this in more detail. Part a shows the modulated signal from the 
bridge with one envelope drawn as a heavy line to indicate the 
phase reversal at the point where the signal goes through zero. 
Part 6 shows the rectified curve obtained from an ordinary de- 
modulator whose output depends only upon the signal amplitude. 
The curve contains all the information regarding the amplitude 
of the original strain but fails to indicate the sign. Curve c shows 
the output of a phase-sensitive circuit which produces a positive 
or a negative output depending on the input phase. 

The phase-sensitive rectifier of Fig. 15.9 compares the signal 



Fig. 15.9. A phase-sensitive rectifier which produces an output proportional 
to the input and of corresponding polarity. 

to the original alternating voltage applied to the bridge by means 
of a pair of identical half-wave rectifiers. With no input signal 
from the amplifier, voltages Ei and E 2 supplied by the center- 
tapped transformer are also zero and each rectifier circuit operates 
with the same alternating input voltage Ez. Therefore each one 
produces the same magnitude of d-c output voltage, and the net 
output voltage is zero. An input signal changes matters. Equal 
voltages El and E^ now appear to upset the balance. With one 
phase of input voltage, Ei adds to Ez and increases the output of 
the upper circuit. At the same time E 2 subtracts from Ez to 
decrease the lower circuit output. With this unbalance the two 
d-c outputs no longer cancel, and the upper output terminal be- 
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comes plus. Reversing the input-voltage phase makes Ei subtract 
from Ez, E 2 add to Ez, the lower output exceed the upper, and the 
output voltage reverse. In this way the circuit provides a rectified 
output proportional to the input signal and of the proper polarity. 

The use of an alternating supply voltage for the bridge does com- 
plicate the balance problem because the circuit capacitances now 
become important, especially when long leads are used to reach to 
the gage location. The effect of these capacitances can be bal- 
anced out by placing an equal capacitance across the corresponding 
resistance in the opposite leg of the bridge. Another arrangement 
is to make the bridge out of four gages, all of them mounted near 
one another. The leads then represent the oscillator and amplifier 
connections, which may have to be shielded from one another, but 
the capacitance involved does not affect the balance. Where the 
arrangement of Fig. 15.6 can be employed, an especially sensitive 
bridge can be made with two tension and two compression arms. 
The two tension gages are placed in diametrically opposite bridge 
arms with the two compression gages in the other two positions. 
This provides just four times the sensitivity of a single-gage 
bridge. 


16.4 The Differential Transformer 

Another useful pickup for the measurement of mechanical move- 
ment is the differential transformer. Figure 16.10 shows this to 



Primaiycoil 


Modulated output 



(a) SimpliSed sectional vkw (b) Sdiematic diagram 

Fig. 15.10. Simplified cross-sectional view and circuit diagram of a differential 
transformer. 


consist of three coils enclosing a movable iron core, the whole 
mounted in an enclosure an inch or two long. This device depends 
upon the mutual inductance between the energized central primary 
winding and the two identical secondaries. 
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With the movable core at dead center the system is perfectly 
S3niimetrical, and the alternating primary current induces identical 
voltages into the two secondaries. These cancel to produce zero 
output with the coils connected in phase opposition, as shown. 
Displacing the core to the left, however, disturbs the balance, more 
flux links the left-hand coil, and the output rises. A displacement 
to the right produces the opposite effect. Again the output rises 
but with the opposite phase because the voltage of the right-hand 
secondary now exceeds that of the left. With proper mechanical 
design this relation between output voltage and displacement can 
be made linear for a reasonable distance. 

The characteristic curves of Fig. 15.11 illustrate the linearity 




100c 300c lOOOc 3Kc lOEc 30Kc 
Applied frequen <7 


Pig. 15.11. Characteristic curves illustrating the behavior of a differential 
transformer. 


and frequency response of a typical unit. The linearity curve indi- 
cates that the differential transformer is adapted to the measure- 
ment of larger displacements than is the resistance strain gage 
and that the alternating output voltage is relatively high. Com- 
mercially available units cover a considerable range of physical 
size and corresponding linear-displacement range. The frequency- 
response curve shows the wide range of frequencies suitable for 
exciting the primary. The use of frequencies on the flat portion 
of the curve has the advantage of making the sensitivity inde- 
pendent of the oscillator-frequency drift. However, lower fre- 
quencies are perfectly suitable as long as the exciting frequency 
remains well above the highest frequency component of the core 
motion. 

When the differential transformer is used to record vibrations, 
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the output appears as a modulated wave with phase reversals 
exactly like Fig. 15.8. Amplification followed by demodulation 
with the phase-sensitive rectifier of Fig. 15.9 provides an electrical 
signal that faithfully follows the original motional variations. 


16.6 The Accelerometer 

In the field of vibration study, the acceleration of a structure is 
one of the most important variables to observe. To measure dis- 
placement directly requires some fixed reference point; this is 
obviously impossible when testing the flutter of an airplane wing 
during flight. The acceleration of an object, however, can always 
be observed by the accelerating force required, without the need 
for any additional reference information. 

Figure 15.12 illustrates two types of accelerometers, one em- 


- Spring suspended mass 




(a) Strain-gage type (b) Differential transformer type 

Fig. 15.12. Simplified sketches of two types of accelerometers for use in 
vibrations studies. 


ploying the strain-gage principle and the other based on the dif- 
ferential transformer. The basic element of each consists of a 
mass mounted on a spring suspmsion that permits motion in one 
direction only. In the strain-gage type four fine strain wires 
provide the majority of the spring tension, although an additional 
^ring support prevents motion in all directions not parallel to 
the wires. The wires are prestressed to remain always in tension. 
The force required to accelerate the suspended mass changes the 
wire strain (two increase and two decrease), which causes un- 
balance of a strain-gage bridge. Actually, the accelerometer con- 
tains the four identical elements for a complete bridge and is thus 
automatically compensated for temperature changes. 

The second accelerometer also contains a spring-suspended mass, 
in this case the movable core of a differential transformer. Here 
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too, acceleration in the correct direction (or the component of ac- 
celeration in that direction) causes a relative movement between 
the core and the rigid frame and thus affects the electrical output. 

Unfortunately the spring-mounted mass is a mechanically 
resonant system, and vibrations in the vicinity of the resonant 
frequency cause deflections all out of proportion to the applied 
motion. This can be corrected by filling the case with a viscous 
liquid to damp the motion. The new inert silicone oils possess a 
very low temperature coeflGicient of viscosity, which makes them 
especially well suited to this purpose. Analysis shows that a little 
less than critical damping produces the best results. With this 
damping the response to sinusoidal acceleration is xmiform up to 
about half the resonant frequency. Above resonance the sus- 
pended mass tends to stand still while the rest of the instrument 
vibrates about it. Above twice the resonant frequency the unit 
measures displacement directly. 

Available commercial accelerometers possess resonant frequen- 
cies from perhaps 10 to 1,000 cycles per second. The stiffer 
high resonant-frequency units are naturally less sensitive than 
those designed for a low natural frequency. This is not a great 
disadvantage because high-frequency vibrations demanding an 
accelerometer with a high limiting frequency usually involve 
greater accelerations than do slow low-frequency movements. 

Electrical Integration and Differentiation. It is possible to con- 
struct simple electric networks to perform the mathematical opera- 
tions of integration and differentiation. This makes it simple to 
take the output of an accelerometer, for instance, and by integra- 
tion convert it to a signal representing the velocity. Conversely, 
differentiating the output of a position sensitive transducer gives 
the same signal that would have been obtained from a velocity- 
sensitive type. 

Figure 15.13 shows an integrating and a differentiating network 
together with a brief analysis of each circuit. The circuits are 
not perfect; each involves the approximation that the majority 
of the applied voltage appears across one of the two circuit ele- 
ments. In the differentiating circuit, for example, the voltage 
drop across 22 must be small so that the applied voltage closely 
equals the voltage across C. This means that the circuit always 
involves a large voltage sacrifice that can be made up by amplifica- 
tion. It also limits the useful frequency range of the circuit, be- 
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cause a suflBicient high frequency can always be found at which 
the capacitive reactance approaches the value of the resistor. 
Thus the differentiating circuit will cover from zero frequency up 
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Fig. 15.13. Simple electrical differentiating and integrating circuits together 
with an analysis of their behavior. 

to a limiting value determined by the circuit design. The inte- 
grating circuit, on the other hand, can cover all frequencies above 
that for which It is several times the value of Xc. 

15.6 Recording Elements 

The end product of the systems we have been discussing is 
usually some type of recording that displays the information as a 
curve plotted against time. The cathode-ray oscilloscope serves 
admirably for an immediate visual interpretation, and with photo- 
graphic accessories the image can be recorded for further study. 
In fact, for high-frequency phenomena it is the only device with 
sufficient speed to record the wave form. For the lower frequencies 
extending up to perhaps 10 kilocycles, however, there are electro- 
mechanical oscillographs that possess advantages of directness, ac- 
curacy, and portability that make them superior to cathode-ray 
equipment. 

The mechanical oscillographs that record on photographic film 
or paper consist essentially of a refinement of the ordinary moving- 
coil d-c meter to permit rapid response to current changes. Fig- 
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ure 15.14 shows two such types of recording galvanometers. In 
Fig. 15.14a the moving coil is reduced to a pair of tightly stretched 



The current passes up one stretdied The two su^nsions serve 
wire and down the other as lead connections 


Fig. 15.14. The two basic types of galvanometer elements used in mechanical 
recording oscillographs. 

wires placed between the poles of a strong permanent magnet. 
Cemented to the wires a tiny mirror rotates slightly about a 
vertical axis when the current passes up one wire and returns 
through the other. The low mass and high tension make the 
resonant frequency high and permit the moving system to respond 
rapidly. Damping to eliminate the natural vibrations of the ele- 
ment is obtained by immersing the whole moving element in a 
tran^arent viscous oil. Elements of this type can be designed 
with a flat frequency response up to 10 kilocycles per second, but 
their sensitivity is rather low. Reducing the tension increases the 
sensitivity and simultaneously reduces the useful frequency range. 
In fact this type of element never has particularly good sensitivity 
because the moving element is only the equivalent of a single-turn 
coil. A typical sensitivity for one of these galvanometers with a 
resonant point of 3,000 cycles per second is 50 milliamperes per 
inch deflection obtained on the film. This sensitivity is approxi- 
mately inversely proportional to the resonant frequency squared; 
for example, a galvanometer with a 1,000-cycle resonant frequency 
would produce a 1-inch deflection with about 5 milliamperes. 

The more sensitive galvanometers employ a multitum coil (Fig. 
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15.146) which, of course, iucreases the mass and reduces the maxi- 
mum usable frequency. Depending upon the number of turns and 
the stiffness of the suspension, this t3q)e of construction results in 
resonant frequencies from as low as 30 up to about 1,000 cycles 
per second. A 30-cycle unit may produce a 1-inch deflection with 
a current of only 5 microamperes flowing through the coil. 

Although the galvanometer is the heart of the recording system, 
the complete apparatus must include a light source, an optical 
^stem, and some sort of drum or magazine to hold the photo- 
graphic film or paper. Figure 15.15 shows a simplified layout of 


Lens Incid ent beam _ 
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deflected by vibrating mirror 

Galvanometer 


Fig. 15.15. The basic elements of a recording oscillograph. 

the recording system. The photographic record is made by a 
narrow light beam falling upon the moving photographic emulsion. 
Mirror oscillations deflect the light beam in proportion to the 
galvanometer current, and the continuous motion of the photo- 
graphic material provides the time scale against which the result- 
ing curve is plotted. 

A complete oscillograph usually includes a number of galvanome- 
ters to plot simultaneous traces on the same record and some sort 
of timing system to mark a time scale on the chart. Figure 15.16 
diows a record taken with such an instrument using only a single 
galvanometer to record the output of an accelerometer. The oscil- 
l<^ram records a drop test with the accelerometer fastened to a 
ma^ that is suddenly dropped a diort distance into a cushion. At 
the moment of release the acceleration suddenly rises from zero 
to that of gravity and remains substantially constant during the 
free fall. The initial overshoot shows a slight underdamping of 
the moving element. At the bottom of the fall the rapid decelera- 
tion momentarily throws the trace off the record, but the return 
of the trace to a positive value of about gravity indicates that the 
mass bounced at least once before coming to rest. 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Hme ^ seconds 

Fig. 15.16. An oscillographic record taken of an accelerometer drop test. 



0.1 0.2 0.3 0.4 0.5 

Time - seconds 


Fig. 15.17. Multielement oscillographic record of a drop test on an aircraft 
landing gear. 

A flashing light source records the vertical timing lines simul- 
taneously with the oscillogram. On Fig. 15.16 each line represents 
0,1 second, while on Fig. 15.17 each heavy line represents 0.1 
second with lighter 0.01-second intervals marked in between. The 
other traces on Fig. 15.17 show accelerometer and di^lacement 
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records taken during a drop test on an aircraft landing gear. 
Another timing method is to record a sinusoidal trace from an ac- 
curate 100-cycle oscillator or from the 60-cycle line. 

The chief disadvantages of the multichannel recording oscillo- 
graph described above are the delay for photographic development 
of the record and the fact that a good oscillograph costs several 
thousand dollars. This cost factor is one reason for the use of 
cathode-ray equipment for applications where it is satisfactory. 

To meet the need for a direct recording system, there have ap- 
peared on the market several types of oscillographs specifically 
designed to produce an instantaneous permanent record on a 
mo\mg paper chart. Some of these actually operate a rapidly 
moving pen that traces an ink record on the paper. Others use an 
electrically sensitive paper that darkens when a current-carrying 
stylus passes over the surface. Such instruments are limited in 
speed of operation because of the relatively massive pen or stylus 
that must move to trace out the record. It is perhaps remarkable 
that the better instruments of this t 3 q)e can accurately record fre- 
quencies from zero up to about 100 cycles per second. 

PROBLEMS 

15.1 A 120-olmi resistance strain gage with a gage factor of 2 is used in 
an equal-arm bridge initially balanced before the application of strain. Re- 
balance after straining the ^ecimen requires a change of 0.1 ohm in Rz. 
Compute the strain. 

16.2 A strain-gage bridge employs two equal gages in adjacent bridge arms 
arranged to experience equal and opposite strains. The gages have factors 
of 1.8, the applied d-c potential is 24 volts, and the two bridge output terminals 
connect to an amplifier, as in Fig. 15.7. After initial balancing at zero strain, 
an applied strain of 0.001 produces a small output voltage. Compute the 
value of this voltage. 

16.3 A differential transformer with the characteristics of Fig. 15.11 oper- 
ates with a primary excitation of 15 volts at 2,000 cycles. The core has an 
initial displacement of 0.01 in. from center plus an altematmg displacement 
having a peak-to-peak value of 0.005 in. at a frequency of 10 cps. (a) Sketch 
the output voltage wave. (5) Determine the percentage modulation, (c) Com- 
pute the effective value of the carrier amplitude. 

16.4 Compute the distance of free fall experienced by the accelerometer 
giving the record of Fig. 15.16. 



CHAPTER 16 


THE VACUUM-TUBE VOLTMETER 

The function of a vacuum-tube voltmeter is to measure the 
voltage difference between two points in a circuit without dra-wing 
an appreciable current from it. Ordinary moving-coil instruments 
do require current for operation, and there are many times when 
drawing even 1 microampere may seriously affect the observed 
voltage. This is especially true in chemical research where the 
potential difference between a pair of electrodes is used to measure 
ion concentration or to observe the end point in a reaction. In 
most cases, drawing even the slightest current from the electrode 
system may seriously affect the accuracy of the results. 

A vacuum-tube voltmeter takes advantage of the grid-control 
possibilities of a tube — control obtained without an appreciable 
current flow to the control electrode. Thus the role of the vacuum- 
tube is to translate, and perhaps to amplify, the voltage under 
test into a form suitable for operating an indicating meter. 

16.1 A Basic D-C Vacuum-tube Voltmeter 

Figure 16.1 shows the circuit diagram for a d-c vacuum-tube 
voltmeter. It is only one of many such circuits, but this one 



Fig. 16.1. A stable d-c vacuum-tube voltmeter based on the cathode-follower 
circuit. 
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works very well; it has the advantage of simplicity, and it is 
relatively easy to analyze. The term d-c voltmeter refers not to 
the power supply but to the ability of the circuit to measure 
direct voltages rather than alternating potentials. Depending 
upon the circuit design, this arrangement can measure voltages up 
to 10 volts or more without drawing an appreciable current. The 
circuit values shown are suitable for a meter covering a range of 
0 to 3 volts. This range can be extended, at the expense of input 
current, by adding a high-resistance voltage divider, as discussed 
later. 

The circuit consists of two identical cathode followers with the 
meter connected between the cathodes and with an arrangement 
for obtaining the proper bias for each tube. Ideally, with identical 
tubes and cathode resistors, only one bias tap would be necessary 
on Rz, Then with zero input voltage the two grids would be at 
the same potential, because of ^unmetry point a would have the 
same potential as point 6, and meter M would read zero. Actually, 
of course, the two circuit halves cannot be exactly the same, and 
a slight bias adjustment on either tube must bring the meter to 
zero. Thus the function of resistors Ui, R 2 j and Rz is to divide 
the d-c supply voltage into two fixed parts and provide a slight 
individual bias adjustment. 

As discussed in Chap. 10, a cathode follower acts to transfer a 
grid-voltage change over to the cathode circuit with nearly the 
same amplitude despite the presence of the cathode-load resistor. 
Thus a small voltage applied to the input produces a similar change 
at a. No change occurs in the other cathode follower, and point b 
remains at about the same potential. This causes current to flow 
through the meter and produce a reading proportional to the input 
signal. 

Figure 16.2 illustrates this more accurately in terms of the simpli- 
fied equivalent circuit developed from Fig. 10.8 for a single cathode 



Fig. 16.2. Equivalent circuit for the vacuum-tube voltmeter of Fig. 16.1. 
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follower. Resistors Rm. and have been omitted from the dia- 
gram because they are large compared with the other circuit 
elements and have little effect. The equivalent circuit takes ad- 
vantage of the fact that points c and d operate at a fixed potential 
difference. Therefore, as far as input voltage changes are con- 
cerned the two points are the same. Figure 16.2 shows the volt- 
meter to act as a simple series circuit with an impressed voltage 
slightly less than the input signal Furthermore, the fraction 
Ijl/(m+ 1) is insensitive to changes in amplification factor, and 
most of the circuit resistance appears in fixed resistor Rm because 
the equivalent resistors rp/{ii + 1) are relatively small. Thus tube 
replacements and gradual changes with time do not affect the 
meter calibration. 

The circuit is also exceptionally linear. An input voltage that 
increases the plate current of Fi, for example, decreases the plate 
current of Vz a nearly equal amount. This reduces the value of 
Tpi but increases rp 2 . As a result the total series circuit resistance 
remains essentially constant despite the presence of nonlinear 
vacuum tubes. 

It is also important that the circuit be unresponsive to variations 
in the d-c supply voltage which is usually supplied from a rectifier 
that follows any a-c line voltage changes. The circuit symmetry 
assures this independence. An increase in d-c supply voltage af- 
fects the grid and plate voltages of both tubes equally and causes 
equal voltage rises at a and &. This does not affect the current 
through meter ilf. Of course the two circuit halves are never 
exactly identical, but analysis shows that even with tubes dif- 
fering by 10 percent in amplification factor any supply voltage 
change is reduced by a factor of about 500 in its effect on the 
voltage between a and 6. Stabilizing the supply voltage with a 
glow tube and carefully picking the triodes for balance make the 
circuit sufficiently stable for precise measurement. 

Reduction of Grid Current. The vacuum-tube voltmeter circuit 
of Fig. 16.1 draws a negligible grid current for most measurements, 
but it is sometimes necessary to take special precautions to reduce 
the input current to a minimum. Commercial receiving type 
tubes are not designed for particularly low grid current, and there 
are special circuits and tubes available to meet the most exacting 
requirements, but we shall discuss the reduction of grid current 
with ordinary tubes and circuits. 
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The most important sources of grid current are (1) leakage 
through the tube insulation, (2) electron flow to the grid, and 
(3) positive ion flow to the grid. Ordinary leakage is worst in 
tubes with the grid lead through the base. The closely spaced 
base pins, the relatively poor insulation, and the opportunity for 
collection of dirt and moisture makes the amount of leakage im- 
reliable at best. The same is true of the tube socket. The se- 
lection of a glass tube with the grid lead through the top solves 
this problem if the glass envelope is kept clean and free of moisture. 
Internal leakage through the mica supports is usually small, al- 
though poor tubes occasionally occur. 

Electrons always flow to a positive grid, but some manage to 
reach even a negative grid because the electrons leave the cathode 
with finite velocities suflScient to carry them against a small nega- 
tive potential. The upper curve of Fig. 16.3 illustrates this and 



Grid volts 

Fig. 16.3. Curves showing the two major components of grid current in a 
vacuum tube operating with a negative grid. 

shows that even for a negative bias of 1 volt the electron current 
may be appreciable. The current scale shows the general order 
of magnitude, but this varies considerably from tube to tube. 
The diagram also shows a curve for the positive-ion current due 
to the presence of gas, the amount of which depends upon the 
excellence of evacuation and degassing. Collisions of plate-current 
electrons with residual gas produce these ions which naturally flow 
to the negative grid. The ion flow shown by the curve drops off, 
not because of less attraction by the grid, but because the negative 
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grid decreases the plate current and the rate of ion production. 
This suggests operating the tube with the lowest possible plate 
current and voltage to reduce the positive ion contribution to grid 
current. In fact, reducing the plate voltage below the ionizing 
potential will practically eliminate the positive ions. 

At some particular bias the net grid current becomes zero, and 
it is here that we wish to operate the vacuum tube. The point at 
which the curve crosses zero is called the free-grid potential be- 
cause a disconnected or “free*^ grid immediately seeks this po- 
tential. Should it initially be slightly more negative, for example, 
the excess positive-ion flow rapidly increases its potential to the 
free-grid point. 

We can easily adjust the vacuum-tube voltmeter of Fig. 16.1 
for operation at this point by temporarily disconnecting the grid 
lead to Vi right at the tube. (An appreciable length of wire left 
hanging on the grid terminal may receive induced voltages from 
stray alternating fields.) The grid will immediately assume the 
free-grid potential causing meter M to read. Then M is set to 
zero by readjusting the grid-bias control of V 2 . The next step is 
to reconnect the grid, short the input terminals, and adjust the 
bias control of Vi to restore the zero reading. Since the bias for 
V 2 was adjusted to zero meter reading with Vi at the free grid 
potential, the grid of Vi must again be operating at the zero current 
point although it is now electrically tied to the remainder of the 
circuit. If now a small input voltage is measured, the grid will 
operate in the vicinity of the minimum current point and have the 
least possible effect on the voltage under test. Actually, of course, 
applying an input voltage does shift the grid operating point a 
little, but since the cathode voltage follows closely behind, the 
grid-to-cathode voltage changes little. 

Extension of Range. For many applications the precautions just 
discussed regarding the reduction of input current are unnecessary, 
and any voltmeter having a resistance higher than several meg- 
ohms will serve. Under these circumstances the instrument range 
can be extended by the use of a high-resistance voltage divider, 
illustrated by Fig. 16.4. Taps at 0.1, 0.01, and 0.001 part of the 
total resistance extend the range by factors of 10, 100, and 1,000. 
For a well-designed circuit the total divider resistance can be 
made as high as 50 megohms. Many commercial circuits employ 
a total of only 10 megohms because resistors of this lower value 
are usually more stable than those of higher resistance. 
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Fig. 16.4. A high-resistance voltage divider for extending the range of a d-c 
vacuum-tube voltmeter for applications in which the meter may be allowed 
to draw a small current. 

A-C Input Filter, For many applications it is desirable to 
measure the direct component of a voltage in the presence of an 
alternating voltage. An alternating component small compared 
with the direct voltage causes no trouble because the circuit is 
linear and the meter reads only the average value of the current 
passing through it. A large alternating voltage, however, may 
cause the circuit to operate beyond the linear range to produce 
partial rectification and a shift in the meter reading. For this 
reason most vacuum-tube voltmeters employ a simple R-C filter 
at the input to reduce the alternating voltage reaching the grid 
of Fi- Figure 16.5 shows this filter with typical values of re- 
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Fig. 16.5. An R-C filter to reduce the alternating component of voltage 
applied to the grid of the input tube. 


sistance and capacitance. The analysis of Chap. 3 shows that 
this filter gives a smoothing factor of about 20 for the 60-cycle 
line frequency that is the most common source of trouble. Thus 
the filter reduces by a factor of 20 the 60-cycle hum picked up by 
the test leads when they are connected to a high-resistance circuit. 

Of course filter capacitor C must be of excellent quality to en- 
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sure a very high leakage resistance. Ordinary paper dielectric 
capacitors are unstable in this respect, and a mica dielectric ca- 
pacitor molded into a low-loss plastic with a voltage rating of 
about 1,000 volts makes a better choice. 

16.2 An A-C Vacuum-tube Voltmeter 

The average a-c meter requires a much larger current to operate 
the moving element than does a moving-coil d-c meter. Further- 
more, such a meter remains accurate over a distinctly limited 
frequency range. Common power-type instruments lose accuracy 
above several hundred cycles per second, and the more sensitive 
types consisting of a d-c meter with a selenium or copper-oxide 
rectifier cover a frequency range extending only to 10 or 20 kilo- 
cycles. An a-c vacuum-tube voltmeter, on the other hand, draws 
very little current (although usually more than does a d-c vacuum- 
tube voltmeter), and it covers a very wide frequency range. 

One type of a-c vacuum-tube voltmeter circuit consists of a 
stable amplifier followed by a diode rectifier which provides the 
current to operate a d-c meter. The input impedance of this ar- 
rangement consists essentially of the grid leak used for the first 
amplifier tube, in parallel with a shunting capacitance consisting 
of the tube input capacitance plus that of the wiring and input 
blocking condenser. The frequency response of the amplifier 
limits the useful frequency range, but modem wide-band design 
techniques now permit the constmction of a single instrument 
covering a range from 10 cycles up to several megacycles with an 
accuracy of about 2 percent. With sufficient amplification the 
sensitivity may be very good; some instruments give full-scale 
deflection with an a-c input of only 3 millivolts. 

Another less sensitive t3q)e of vacuiun-tube voltmeter first recti- 
fies the applied alternating voltage and then applies the rectified 
output to a d-c vacuum-tube voltmeter for measurement. This 
arrangement avoids the limitations of amplifiers and produces an 
instrument capable of handling frequencies from the low audio 
range up to several hundred megacycles or more. Figure 16.6 
shows the type of shunt diode rectifier commonly used for this 
purpose. The circuit is similar to the simple half-wave series 
diode circuit of Fig. 3.1 in Chap. 3, except for having the load 
resistance connected in shunt with the diode instead of across the 
capacitor. This load resistance is 10 megohms or more to reduce 
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the current drawn from the source of alternating voltage. In 
operation, capacitor C rechai^es periodically at the peak of each 
alternating voltage cycle, and between times it slowly discharges 



Output to 
filter of 
Rl Fig. 16.5 
which removes 
+ a-c component 


Fig. 16.6. A shunt diode rectifier that provides a d-c output proportional to 
the a-c input voltage. With a load resistance of many megohms this circuit 
draws very little current from the a-c scource. 


through the load resistor in much the same fashion as the simple 
series diode circuit, except that the discharge is no longer ex- 
ponential. However, with a sufficiently large value of C the high 
load resistance permits so little discharge during one cycle that 
the average voltage across C remains at practically the peak value 
of the input voltage, with the polarity shown. Since the voltage 
across the load resistor equals the sum of the input alternating 
voltage plus the substantially constant voltage across C, the wave 
form of the net voltage at g (with respect to point c) contains 
both an alternating and a direct component and looks like Fig. 16.7. 


^For a tiny fraction of a cyde, voltage at g is 
positive while diode conducts to recharge C 



'Average negative voltage across 
nearly equals peak alternating input 

Fig. 16.7. Output-voltage wave forms for the shunt diode rectifier. 

The rectifier output connects to an R-C filter to remove most 
of the a-c component before measurement by the d-c voltmeter 
circuit. Of course the d-c vacuum-tube voltmeter measures a 
value closely equal to the peak alternating voltage, but the con- 
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stant ratio between peak and effective value for a sine wave can 
be accounted for during calibration by the adjusting resistor Rm 
in the circuit of Fig. 16.1. Fortunately, the rectifier circuit re- 
mains linear over a range extending from about 1 volt up to several 
hundred so that a linear meter scale serves for the majority of 
readings. Below 1 volt the circuit becomes nonlinear, and a special 
scale must be used. 

A serious disadvantage of this circuit is the fact that the readings 
are proportional to the peak amplitude of the alternating voltage. 
The usual calibration is adjusted to read 0.707 of peak voltage, 
which corresponds to the effective value for pure sine waves. 
Since the ratio between peak and effective value is differmit for 
other wave forms, the meter does not indicate the true effective 
value for complex waves. Furthermore, the meter responds only 
to the positive peaks of the wave which may be of different height 
than the negative peaks. In this case the meter will read a dif- 
ferent value with the input connections reversed. This turnover 
error is a common fault of the majority of a-c vacuum-tube volt- 
meters. 




APPENDIX A 


THE R-C DISCHARGE 


JttECTiFiERS, timing circuits, and a number of other devices 
employ parallel resistance-capacitance circuits for the purpose of 
smoothing a voltage or producing a time delay. With these appli- 
cations in mind we shall briefly study the behavior of the simple 
circuit shown by Fig. A.l. 


'ErE 





>R 


opened at 


t-i2C— *1 
0 Time ► 

Fig. A.1. This shows the exponential discharge of a parallel resistance- 
capacitance circuit. 

To analyze this circuit we start with three basic facts: (1) the 
voltage across the resistor is proportional to the current through it 
(Ohm’s law) ; (2) at every moment the voltage v across the capaci- 
tor equals that across the resistor (Kirchhoff ’s law) ; and (3) the 
voltage across the capacitor is proportional to its charge. In equa- 
tion form these relations are 


Vr = iR (volts, amperes, ohms) 

(A.1) 

V = Vr (volts) 

(A.2) 

q — Cv (coulombs, farads, volts) 
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The last of these is more useful after taking the time derivative and 
observing that dg/di represents the capacitor charging current. 
This gives 

i ^ = C ^ (charge) (A.4) 

In this analysis we are interested in the discharge of C after 
opening the switch. Since a charging current is the opposite of a 
discharge, Eq. (A.4) becomes 

z == -C ^ (discharge) (A.5) 

We shall now imagine that capacitor C has first been charged to 
voltage E with switch S closed. Then at zero time instant the 
switch opens to let C discharge through the resistor. From that 
moment on, the current i represents both the capacitor discharge 
current and the resistor current. Using this fact by substituting 
Eq. (A.5) into Eq. (A.l), we obtain 

Vr=iR=--RC^ (A.6) 

A substitution of this value of Vr into Eq. (A.2) gives 

’--RC% (A.7) 


This differential equation describes the circuit behavior, but it 
is more useful to integrate it and obtain an answer giving v as a, 
function of the time. With Eq. (A.7) rearranged to separate the 
variables, we get 


dt __ ^ 
RC' V 


(A.8) 


This is easily integrated to obtain 




(A.9) 


where the symbol In represents the natural logarithm and K is 
the constant of integration. To determine K we must insert the 
initial conditions that at zero time the voltage across C equals E, 
Thus 


0 = hi E K 
K^-hiE 


(A.10) 
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With the newly found value for Eq. (A.9) becomes 




hiE 



(A.11) 


From the definition of logarithm, if a = In 6, then b = e^, where 
e is the base of natural logarithms, 2.71828 .... Applying this 
to Eq. (A.ll), we obtain 


V = (A.12) 

This equation represents the curve shown in Fig. A.I. It is 
easy to insert zero for the time to check the initial value of E 
and to observe that as t becomes very large the exponential term 
approaches zero. The curve shows that the capacitor does not 
discharge at once, but instead the voltage gradually drops toward 
zero and, theoretically at least, never reaches the bottom. 

To obtain some idea of the rate of voltage decay we must look 
to the exponent. Since an exponent must be dimensionless, the 
product RC represents time (ohms X farads = seconds). This fac- 
tor is called the time constant of the circuit because it gives a handy 
indication of the speed with which the discharge takes place. 
Suppose we observe the voltage at a time RC seconds after opening 
the switch. Then 

V = == Ee'~^ 

which says that at the end of RC seconds the voltage has dropped 
to about one-third of the initial value (actually 0.368E). The 
diagram shows this to scale. At the end of fi.ve time constants the 
voltage drops to Ee^^ which is only 0.0068-B, or less than 1 percent 
of the initial value. Thus from a practical viewpoint the discharge 
is essentially complete after a time equal to bRC seconds. A 
circuit with a capacitance of 2 microfarads and a resistance of 
100,000 ohms has a time constant of (2 X 10^) (10®), or 0.2 second, 
and it discharges in about 1 second. 
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EFFECTIVE AND AVERAGE VALUES OF 
A SINE WAVE 

The mathematical simplicity of a sine wave and the ease with 
which it can be represented by a rotating vector system has led to 
its adoption as the standard wave form for alternating-current 
power systems. Furthermore, any complex repeating wave can 
be represented as a Fourier series of sine waves; this makes the 
sine wave a fundamental building block of electrical circuit theory. 

The basic equation of a sine wave is y = Fmax sin 9, where Fmax 
is the peak or maximum value of the wave form. For a wave 
repeating in time with cycles of equal length, angle 9 is pro- 
portional to the time interval. Hence 

9^c^t (B.l) 

with cj as the proportionality constant between time and angle. 
This makes the equation of a sinusoidal current wave have the 
form 

i “ fmax sin o)t (B.2) 

Symbol / represents the frequency of the wave in number of 
cycles per second; each cycle produces an advance of 27 r radians 
and at the end of one second the angle has progressed through a 
total of 2ir/ radians. Placing this information into Eq. (B.l) we 
find that ca = 2'7r/ radians per second. 

B.1 Effective Value of a Sine Wave 

The effective value of a current or voltage wave is defined as 
equal to the direct current or voltage which would produce the 
same average heating of a resistor. 

Let us imagine a repeating current wave of any shape i(jt) 
having a period or cycle length of T, This current passes through 
a resistor B and produces a power loss p = To obtain the 

270 
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average power flow we integrate p over one cycle and divide by 
the base T. 

-Paverage = ^^ R[i{t)Y dt (B.3) 


The effective value I of this current equals the steady current 
which would produce the same average heating. For a steady 
direct current the average and instantaneous power flow are the 
same. 

P average “ RP ‘ (B.4) 


Equating Eqs. (B.3) and (B.4) to find the relation between 
and the effective value /, we obtain 




Solved for I this gives 



(B.5) 


In words this says that the effective value of a current wave 
equals the square root of the average square; for this reason 
effective value is also commonly called root-mean-square or rms 
value. A similar relation can be derived for voltage. 

Applying Eq. (B.5) to Eq. (B.2) for a sine wave of current, and 
remembering that T = 1//, we obtain 



sin (at) dt 


(1 — cos 2(d) dt 


sin 

2(a _jo 


(B.6) 


Inserting the limits makes the sine term drop out and produces the 
result 


/ = = 0.7077m« 


Since all a-c meters read effective values it is necessary to 
multiply the reading by V2 to compute the peak value of a sine 
wave. The use of effective values has become standard and any 
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statement regarding the magnitude of a voltage or current refers 
to effective value unless specifically stated otherwise. 

B.2 Average Value of a Half Sine-wave Loop 

In the rectifier circuits of Chap. 3 and in many control circuits 
the wave shape consists of half sine waves. In such circuits only 
the average value or d-c component is of interest because the out- 
put passes through filters or smoothing circuits to remove the 
alternating components. 

To find the average value of a half sine-wave loop we integrate 
to obtain the area under the loop and then divide by the base. 
Thus for a voltage wave of the form e = Ema sin wt 

1 

Esreagf = ~ / J^max Sin ut dcot 
Jo 

= - cos ^ (B.7) 

Consequently the average value of a half sine-wave loop is 2/x 
or 0.636 times the maximum value. 
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A 

Accelerometer, 250-251 
Amplification, 47-66 
pentode, 64r-66 
triode, 47-59 

(See also Amplifiers) 
Amplification factor, definition, 44 
pentode, 64 
triode, 44 

Amplifiers, classification, 134-135 
tuned, 187-196 
power, 191-196 
class C, 192-195 
eflSiciency, 191-192 
grid-leak bias for, 195-196 
voltage, 187-188 
selectivity, 188 
wide-band, 47-59, 133-165 
complete circuit, 163-165 
power, 150-163 

class A pentode, 155-158 
class A triode, 150-155 
efficiency, 156 
grid bias, 153 
load line, 152, 156-157 
push-pull, 15^163 
voltage, 47-59, 133-148 
basic circuit, 48 
direct-coupled (d-c), 145-146 
distortion, 135-138 
equivalent circuit, 56-57 
frequency response, 141-144, 
147 

load line, 52-53 
resistance-capacitance- 
coupled, 138-144 
transformer-coupled, 146-148 
wave forms, 49-50 
Amplitude distortion (see Distortion) 


Amplitude modulation (see Modula- 
tion) 

Arc back, in gas diode, 82 
in mercury-arc rectifier, 91-92 
Arc discharge, 75-76 
mercury-pool, 89-91 
Arc ignition, 90, 92 
Atomic structure, 1-2 
energy levels, 3 

Audio-frequency amplifier circuit, 
163-165 

B 

Beam-power tetrode, 66-69 
Beat frequency, 216 
Bias (see Grid bias) 

Bridge circuits, 242-245 


Candle, 95 

Capacitor, by-pass, cathode, 139 
screen, 143 
coupling, 140-141 
discharge, 267-269 
Carrier, 210-213 
Cathode, construction, 13-14 
disintegration, 12-13, 81-82 
emitting materials, 12-13 
heat-shielded, 80-81 
indirectly-heated, 14 
photoelectric, 96 

Cathode follower, basic circuit, 177- 
179 

equivalent circuit, 178-179 
in vacuum-tube voltmeter, 258 
Cathode-ray oscilloscope, 223-237 
block diagram, 228-229 
sweep circuit, 119-120 
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Cathode-ray oscilloscope, use of, 229- 
237 

Cathode-ray tube, 223-228 
deflection system, 225-226 
electron gun, 224-225 
luminescent screen, 226-228 
Characteristic curves, beam tetrode 
6V6, 69 

differential transformer, 249 
glow diode OC3, 77 
pentode 6SJ7, 65 
phototube, gas type 930, 99 
vacuum type 929, 97 
Photronic cell, 102-104 
thyratron type 2050, 84 
triode, type 6J5, 42, 45 
type 45, 151 
Choke, filter, 35 
Crystal, quartz, 205-206 
Cutoff grid voltage, 41 

D 

Deionization in thyratrons, 85 
Demodulation, amplitude, 220-221 
Dielectric heating, 203-204 
Differential transformer, 248-250 
Differentiation by R-C circuit, 251- 
252 

Diode, thermionic gas-filled, 78-83 
vacuum, 14-18 

Distortion, amplitude, 136, 153-155, 
157 

defined, 136-138 
frequency, 136 
phase, 137^-138 
Drift, 146 
Dushman’s law, 11 

E 

Efl5ciency (see Amplifiers; Rectifiers) 
Electron emission (see Emission) 
Electron gun, 224-225 
Emission, field, 7-8 
photoelectric, 7, 96-100 
secondary, 7 

in cathode-ray tubes, 227 


Emission, secondary, in tetrodes, 61- 
62, 68 

thermionic, 6, 10-11 
in arcs, 75-76 
Emitters, oxide-coated, 13 
thoriated-tungsten, 12 
tungsten, 12 

(See also Cathode) 

F 

Feedback, circuits, 175-179 
equation of, 167-169 
implications of, I74r-175 
negative, 169-170 
positive, oscillation, 170-174 
Field emission, 7-8 
Filament (see Cathode) 

Filters, smoothing, capacitance, 23- 
25 

L-C, 30-35, 127 
R-C, 35-36, 262 
Foot-candle, 95 
Fourier series, 31-33 
Frequency comparison, 233-234 
Frequency distortion, 136 
Frequency response, of accelerom- 
eters, 251 

of amplifiers, 141, 147 
of recording galvanometers, 253 
Frequency shifting, 219-220 

G 

Galvanometer, recording, 253 
Gaseous discharge, arc, 75-76 
glow, 74-75 
Townsend, 71-73, 99 
Glow diode (voltage regulator), 76-78 
Glow discharge, 74r-75 
Grid, function of, 40-41 
screen, 60-61, 67-68 
suppressor, 63 
in thyratron, 83, 86 
Grid bias, cathode (self), 139 
function of, 48 
grid-leak bias, 195-196 
in ix)wer amplifier, 153 
Grid-current reduction, 259-261 
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H 

Harmonic series, 31-33 
Harmonics in amplifiers, 137, 154, 
157-158 

Heat-shielded cathode, 80-81 
High-frequency heating, dielectric, 
203-204 

induction, 201-203 
I 

Ignition of arc, 90, 92 
Ignitron, description, 92-94 
efficiency, 130-132 
firing circuits, 93, 128-130 
in pol3^hase rectifiers, 124 
in welders, 118-119 
Impedance transformation, 148-150 
Induction heating, 201-203 
Integration by R-C circuit, 251-252 
Inverse voltage, in contact rectifiers, 
20 

in gas tubes, 82 
in polyphase rectifiers, 123, 126 
in single-phase rectifiers, 25, 26, 28 
Ionization, 3, 72-73 
Ionization potential, 3, 78 

L 

Lissajous figures, 233 

Load line, 52-53, 98, 152, 156-157 

Lumen, 95 

M 

Mercury-arc rectifier, 89-92 
Modulated wave, 211-213, 217 
Modulation, amplitude, 210-220 
linear, 218 

in nonlinear circuits, 213-217 
side bands, 212 

Mutual conductance (see Transcon- 
ductance) 

N 

Negative feedback, 169-170 
Nomenclature, 51 


O 

Oscillation, 170-174 
Oscillators, 197-209 
Colpitts, 201 
crystal, 205-206 
frequency-controlling, 204r-206 
Hartley, 199-200 
tuned power, 197-201 
wide-range, 207-209 
Oscillograph (see Cathode-ray oscillo- 
scope; Transducers) 

Oxide coating, 13 

F 

Pentode, 63-66 
characteristic curves, 65 
coefficients, 64 
power amplifier, 155-158 
voltage amplification, 64-66 
Phase distortion, 137-138 
Phase measurement, 232-233 
Phase-shift control, in polyphase 
rectifiers, 128 
of thyratrons, 113-116 
Photoconduction, 6, 105 
Photoelectric control, 110-111 
Photoelectric emission, 7, 96-100 
Photoemissive tubes, gas-filled, 99- 
100 

vacuum, 96-99 
Photons, 4 

Photovoltaic cell, characteristic 
curves, 102-104 
construction, 101 
Pi-section filter, 29 
Pickups (see Transducers) 
Piezoelectric effect, 206, 239 
Planck’s constant, 4 
Plasma, 79 

Plate resistance, definition, 43 
pentode, 64 
triode, 43 

Positive-ion bombardment, 12-13, 
75, 81-82 

Power amplifier (see Amplifiers) 
Push-pull amplifier, 158-163 



276 


ELECTRONICS IN ENGINEERING 


Q 

Q, of coils, 182-183 
of crystals, 205 

R 

Recording, by cathode-ray oscillo- 
graph, 23^237 
galvanometers for, 252-256 
mechanical, 256 

sample oscillograms, 233-236, 255 
Rectifiers, contact, 19-20 
copper-oxide, 19 
efficiency of, 130-132 
mercury-arc, 89-92 
phase-sensitive, 247-248 
polyphase, 121-132 
seleniinn, 19-20 
single-phase, 22-30 
for vacuum-tube voltmeter, 263- 
265 

{See also Diode) 

Regulation, voltage {see Voltage 
regulation) 

Relays, 107-108 
thyratron, 108-110 
Resonance, parallel, 185-187 
series, 181-185 
in tuned amplifiers, 187-191 

S 

Saturation, 16, 98 
Saw-tooth generator, 119-120 
Secondary emission {see Emission) 
Selectivity, 184, 188 
Selenium rectifier, 19-20 
Side bands, 212 
Space charge, 16, 66, 78-79 
Strain gage {see Transducers) 
Superheterodyne, 219-220 

T 

Tank circuit, 200 
Tetrode, characteristics, 60-62 
{See also Beam-power tetrode) 
Thermionic emission, 6, 10-11 
in arcs, 75-76 


Thoriated-tungsten cathode, 12 
Thyratron, an; control, 87-88 
construction, 83, 86 
control characteristics, 83-85 
control circuits, 107-120 
deionization, 85-86 
phase^shift control, 113-116 
saw-tooth generator, 119-120 
Time constant, 269 
Time-delay circuit, 111-113 
Tone control, 164 
Townsend discharge, 71-73 
in phototubes, 99 
Transconductance, definition, 42 
pentode, 63 
triode, 42 

Transducers, 238-256 
accelerometer, 250-251 
differential transformer, 248-250 
general principles, 238-241 
recording elements, 252-256 
resistance strain gage, 241-242 
strain-gage bridge, 242-245 
Transformer, differential, 248-250 
impedance-transforming, 148-150 
interstage, 147 
output, 165 
push-pull, 150, 159 
Triodes, 40-47 
characteristic curves, 45, 151 
equivalent circuit, 56-57 
interelectrode capacitance, 59-60 
Tungsten cathode, 12 

V 

Vacuum-tube voltmeter, a-c, 263-265 
d-c, 257-262 

Voltage amplifier (see Amplifiers) 
Voltage regulation, in polyphase 
rectifier, 130-132 
in dn^e-phase rectifier, 37-38 
Voltage regulator, 76-78 
Volume control, 164 

W 

Welding control, 116-119 
Work function, 6, 12 








